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Abstract 
The objectives of this thesis were to i) characterize lodgepole pine regeneration and 
related micro-site conditions associated with wildfire, and ii) identify limitations for 
germination, survival and recruitment of natural and artificial regeneration in relation to 
site moisture, fire severity, and vegetative competition. The germination, survival and 
recruitment of lodgepole pine seedlings over two growing seasons were compared on 18 
disturbance plots (replicated three times) on several treatments including three fire 
severity classes (high, moderate, low), two moisture regimes (dry and wet), two seed 
provenances (wild and improved), and two seedbed types (disturbed and undisturbed). 
Results showed that natural regeneration was highest on wet sites and seedling density 
increased with declining fire severity. On dry sites, new germinants were rare and limited 
by micro-site conditions associated with high and moderate fire severity with highest 
germination rates experienced on low fire severity. Seed provenance did not influence 
germination and survival rates. 
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In this thesis, we were able to document that: a) site conditions following MPB and 
wildfire limited germination, survival, and recruitment rates; b) the extent of vegetation 
establishment was dependent upon fire severity and wetter sites provided more 
favourable conditions for plant re-establishment than dry sites; c) the density of natural 
regeneration was highest in stands which experienced less severe fire severity effects; d) 
a spring pulse of germination occurred in both years in seeded plots and germination 
continued throughout both growing seasons on all sites; e) micro-site at the germinant 
level is important for early establishment of lodgepole pine; f) there was no difference in 
early survival rates of wild and improved Class-A seed; g) using ordered logistic 
regression to estimate the probability of survival, the model found that the odds of wild 
seeds surviving were slightly lower, and survival rates of planted seedlings indicated that 
growth limitations were higher in burned stands than in unburaed stands. 
Lodgepole pine forests on wet sites may be better able to respond to successive natural 
disturbances of MPB infestation and wildfire, having implications for prioritizing the 
forest management response. Regeneration assessments indicated that sufficient levels of 
natural lodgepole pine regeneration exists, not requiring immediate management 
intervention (i.e. under planting). Where natural conifer regeneration was limited on low 
productivity sites, it is recommended that stands be allowed to develop as mixed stands. 
Salvage in such stands may compound the disturbance effects of MPB and wildfire. 
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1 Introduction 
The magnitude of mountain pine beetle (Dendroctonus ponderosae Hopkins) infestation of 
lodgepole pine (Pinus contorta var. latifolia) forests is having immediate social, economic, 
and ecological impacts in north-central part of British Columbia. Nowhere is this more 
evident than among the forests southwest of Vanderhoof (Ebata 2004). Of the one billion 
cubic metres of lodgepole pine impacted by mountain pine beetle (MPB) in the province, 
the Chief Forester of the BC Forest Service estimates that at least 200 million cubic metres 
will remain unharvested due to operational constraints and protection within parks 
(Pedersen 2004). This will have significant consequences for the future regeneration of 
managed and unmanaged MPB-killed stands because the implications for stand 
development are unknown given the unprecedented scale of the outbreak. This threat is 
further augmented by the prospect of major losses in lodgepole pine plantations and other 
species of pine stands also attacked by MPB. 
On June 28th 2004, a wildfire consumed 10,000 hectares of MPB-infested forest northeast of 
the Kenny Dam. The area affected by the fire is in the sub-boreal spruce biogeoclimatic 
zone, mainly in the dry-cool subzone (SBSdk). In burned areas, MPB-attacked (red) stands 
experienced higher severities of crown fire than might otherwise be expected (S. Taylor, 
CFS Forestry Officer, pers. comm.). An outcome already documented by Turner et al. 
(1999) was that pre-fire presence of MPB increased fire severity. Severity is the amount of 
biomass consumed by the fire event as a function of frontal fire intensity, residence time, 
and fire cycle (Alexander 1982). Such conditions may inhibit or enhance natural 
regeneration. The Kenny Dam fire event presents a unique opportunity to study lodgepole 
pine regeneration in mountain pine beetle-killed stands after wildfire. While situated in the 
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context of a managed land base, conclusions reached here will further an understanding in 
unmanaged forests as well. 
In the following section, essential concepts will be reviewed pertaining to i) the silvical 
characteristics that influence lodgepole pine regeneration, ii) stand dynamics (development) 
of lodgepole pine, iii) the alterations to site conditions by disturbances such as MPB 
outbreaks and wildfire, and iv) the interactions between those site conditions that enhance 
or limit regeneration. 
1.1 Lodgepole Pine Silvical Characteristics 
Lodgepole pine may assume a persistent or climax position, especially on low productivity 
sites (Fuchs 1999), much like those of the SBSdk. The fire cycle (the fire return interval), 
intensity (the energy released by the fire), and severity (the extent that vegetation is 
affected) may contribute to the extent of pine regeneration (McCullough et al. 1998; 
Hawkes et al. 2003). Lodgepole pine seed production, which alternates between lighter and 
heavier crops year by year, normally initiates when trees reach five to ten years of age and 
continues throughout the life of the tree (Koch 1996). Cones may be serotinous or non-
serotinous. 
Non-serotinous cones distribute seed to the forest floor from the crown on a regular basis, 
and these seeds remain viable for one year (Stadt 2001). Thinning by endemic MPB 
populations and other forest health agents provides opportunities for seed from non-
serotinous cones to germinate and establish a cohort within these gaps (Fuchs 1999; Coates 
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2000). Serotinous cones that fall to the forest floor provide viable seed for decades 
(Clements 1910; Stadt 2001). Vast amounts of serotinous seed cones are stored in the 
canopy and on the ground until released by wildfire, and this release may continue for up to 
three years after a fire event (Turner et al. 1998). Stand-replacing fire may result in even-
aged pine-dominated stands. These same pine forests are most susceptible to MPB attack 
and subsequent wildfire. Stands younger than 80 years of age were thought to be less 
susceptible to MPB attack (Amman 1977) but are not immune, given the magnitude of the 
current outbreak. In fact, MPB attack has been observed in 46.4% of lodgepole pine 
plantations between 20 and 40 years of age in the Prince George Forest District (Scholefield 
et al. 2006). The successional role played by pine in the presence or absence of fire dictates 
how forest stand dynamics will proceed after an epidemic MPB infestation (Fuchs 1999). 
1.2 Stand Dynamics and Disturbance Regimes 
Stand dynamics are changes and response of forest stand structure to disturbance through 
time (Oliver and Larson 1996). These changes to stand structure over time, represent 
background disturbance regimes that slowly drive forest succession (Hugues and Drever 
2001). The historical disturbance agent responsible for lodgepole pine forests was likely 
stand-replacing fires (Fuchs 1999; Taylor and Carroll 2004; Taylor et al. 2006). Lodgepole 
pine ecosystems depend upon wildfire to maintain site occupancy (Hugues and Drever 
2001). The past fire regime is directly responsible for the stand structure, dynamics, and 
processes that are visible in the present forest (Brown 1975). Others believe that historical 
disturbance regimes depend upon the complex and intertwined relationships between fire, 
beetles, and fungal pathogens (Geiszler et al. 1980; McCullough et al. 1998; Kulakowski et 
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al. 2003). Endemic MPB populations are responsible for forest gaps by acting as natural 
thinning agents in lodgepole pine stands (Fuchs 1999). When populations of MPB expand 
to epidemic levels, a temporary shift from fire to MPB as the primary disturbance agent 
occurs. This shift in trajectory has far-reaching consequences for fire regimes, forest 
regeneration, and composition of the future forest. Changes to stand structure have 
implications at all scales in terms of processes, functions, species composition, dynamics, 
and fuel accumulations leading to altered and potentially extreme fire behaviour (Lotan and 
Perry 1983; Hawkes et al. 2003). The range of disturbance regimes to be examined in the 
Kenny Dam fire area will capture the effects of those MPB-killed stands that remain 
unburned and those subject to a range of fire severities. 
The nature of a MPB infestation results in the preferential attack of the oldest and largest 
pine trees (Safranyik et al. 1974; Amman et al. 1977; Taylor and Carroll 2004). Following 
attack, water and nutrient flow within the tree is rapidly compromised. MPB attack is first 
recognized by chlorotic green foliage, which quickly turns red within one year (Amman and 
Safranyik 1984). Mortality of lodgepole pine stands may occur over several years (up to a 
decade) depending on individual tree vigour and MPB population pressure (Stockdale et al. 
2003; R. Hodgkinson, BCFS Regional Forest Entomologist, pers. comm.). Needles in dead 
trees may remain in the canopy for several years post-mortem depending on meteorological 
and climatic factors. If larger trees are scarce and beetle populations are high, the beetles 
will attack younger lodgepole pine trees of smaller diameter and spruce regardless of their 
host potential (S. Lindgren, pers. comm.). Due to the random nature of beetle dispersal, the 
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remnant landscape becomes a scattered mosaic of live individuals amongst dead trees in 
MPB-infected stands (Gara et al. 1984). 
Beetle-killed trees exhibit marked changes in crown structure that alter lodgepole pine stand 
dynamics. In general, beetle-induced mortality opens the canopy slowly and allows some 
light penetration into the understorey (Hugues and Drever 2001). This condition will be 
unlikely to promote enhanced seed germination if there is excessive shading by competing 
vegetation (Waring and Pitman 1985). In the short-term, however, light levels in the 
understorey remain much the same as when the trees were alive. As needles slowly fall due 
to wind, snow, and decay, light will become more available, making site conditions more 
conducive to the silvics of the species. 
1.3 Limitations to Natural Regeneration 
In population ecology, a "bottleneck" is a stage in a process that is limiting to development 
(Kelley et al. 2000). These limitations in nature exist on various scales, both spatially and 
temporally. Over the landscape, the unprecedented impact of the MPB infestation itself 
could be considered a limitation to regeneration because the death of so many trees halts the 
production of seed. In unmanaged MPB-attacked forests not subjected to wildfire, the 
conditions for regeneration are constrained by the availability of seed and a preference for 
open light conditions without vegetative competition. This condition could potentially 
minimize the genetic diversity of the population and limit reestablishment of pure pine 
under the shade of an intact yet dead overstorey. Limitations to germination include seed 
availability/viability and moisture availability/deficit. Gara et al. (1984) stated that climax 
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stands of pine subjected to major beetle outbreaks are prone to stand-replacing fires. In this 
respect, extreme fire behaviour may scorch any remaining pine seed, reducing regeneration 
potential of the site and eliminating advanced regeneration and associated vegetation 
complexes. In naturally dead pine (Kolotelo 2004) and those killed by MPB (Johnstone et 
al. 2004), seed germination rates have been reduced 30-50 percent compared to living 
stands. Kolotelo (2004) hypothesized that dying trees may not be able to provide the 
necessary resources to seed and cone production. Given that serotinous cones will not open 
unless subjected to fire, and seeds from non-serotinous cones do not remain viable for more 
than 1 year, a shift in vegetation complex is likely to happen and species conversion to 
mixed and uneven-aged stands could be anticipated (Stockdale et al. 2003). This conversion 
has a direct impact on the development of vegetation and forest floor conditions. 
In much of the SBSdk, sites with a thick moss layer are likely to be most susceptible to 
moisture deficit (Spittlehouse and Stathers 1990) and, thus, detrimental to germination. In 
contrast, too much surface moisture may reduce germination on sites subjected to high 
severity fires, which increase soil hydrophobicity (DeBano 2000). Hydrophobicity is the 
result of the production of a resin-like coating on soil particles produced from oxidation of 
organic matter (Doerr et al. 2000). When soils repel water rather than absorb it, soil impedes 
a seedling's ability to access moisture critical for the transition from germination to 
establishment and growth phases. Low severity fires remove the forest floor and debris, and 
create optimum conditions for seed germination with soil warming (Lotan and Perry 1983). 
What remains unclear are the effects of MPB on regeneration prior to fire and the extent of 
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fire severity that alters site conditions, thereby influencing seedling establishment and 
growth. 
Residual vegetation structure in MPB-attacked stands can confound opportunities for 
seedling establishment and growth. Following tree mortality, a decrease in root competition 
increases available site resources to remaining trees and vegetation (Gara et al. 1984). 
Shade provided by shrubs and herbs impairs the establishment of a new cohort of pine 
seedlings in MPB-killed stands. The canopy further limits light on the forest floor and alters 
the microenvironment of newly germinated seeds. Establishment and growth are further 
impeded by a thick layer of needles and coarse woody debris (CWD) deposited from the 
dead canopy which alters the structure and chemical properties of the underlying substrates. 
These limitations may lead to a successional pathway that transforms even-aged stands to 
multilayered, mixed species and uneven-aged stands (Hugues and Drever 2001). 
Fire is the primary method of regeneration for lodgepole pine-dominated forests, especially 
on low productivity sites where pine is often the only species capable of establishing (Lotan 
and Perry 1983). Independent of fire severity, lodgepole pine has the ability to perpetuate 
itself under a wide variety of fire regimes from low intensity surface fires to high intensity 
crown fires (Lotan and Perry 1983). After fire, seedlings are frequently observed in great 
densities, which quickly establish on the site because fire eliminated competing understorey 
vegetation (Turner et al. 1998). In this respect, competition amongst pine seedlings may 
limit seedling growth potential. Regeneration densities of 800,000 sph have been observed 
in lodgepole pine stands following wildfire (Mitchell and Goudie 1980). These densities 
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result in competition for growing space resulting in stagnation (Blevins et al. 2005; Fuchs 
1999). The majority of stand regeneration following a fire occurs in the first three to seven 
years (Johnstone et al. 2004). Wagner et al. (1999) showed that competition impacted five-
year growth but not survival. Wei et al. (1997) found that wildfire of moderate severity 
removed nitrogen (N) and phosphorus (P), two essential nutrients for seedling establishment 
and growth, and the more severe the fire, the more nutrient removed. In all respects, it is 
unlikely that limitations to regeneration are independent of each other. 
1.4 Artificial Regeneration 
The severity of disturbance may promote or restrict natural regeneration. In severely burned 
sites, seed sources are limited because the seeds are scorched in the canopy and on the 
forest floor (Whittle et al. 1997). Because re-establishment of lodgepole pine in burned 
areas can occur over several years (Turner et al. 1998), the full seed potential of the site may 
not be immediately available. Direct seeding is not tested as a reforestation tool but rather to 
test the bottleneck of seed limitation. Direct sowing of wild seed can mimic natural 
regeneration as though seed availability was not limiting; the Kenny Dam fire was an 
appropriate location to test this hypothesis. Also, differences in microenvironment, 
germination, and survival allowed for comparisons between seed locally adapted to the 
study area and improved seed from a similar latitude and elevation within the Nechako Seed 
Planning Zone (MOF 1995). 
Two options available for our tests were wild and improved seed. Seed collected from 
natural stands is classified as genetic class B seed (MOF 1995). Improved, genetic class A 
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material is seed that has been selected from natural stands for beneficial traits. Following an 
ongoing iterative process called progeny testing, seedlings from selected parents are planted 
in field plantations. Seed is obtained from pre-selected plantation trees which exhibit high 
breeding value, and bred in seed orchards for seedling production (FGC of BC 2005). 
Beginning in 1995, the BC Forest Practices Code required that improved seed, if available, 
be used for reforestation efforts. The Forest Genetics Council of BC is appointed by the 
Chief Forester to guide tree improvement activities (FGCof BC 2007). It advocates 
selecting seed for improved pest resistance, seed supply security, increased timber supply, 
reduced pressures on the land base, improved wood quality, and the support of forest 
certification (Penty et al. 2005). Improved seeds from tree improvement programs have 
beneficial traits that are selected out for propagation in seed orchards. 
Direct seeding is currently not the primary method of reforestation in British Columbia. 
Well-developed and legislated planting programs exist in this regard. Planted seedlings are 
much further along developmentally in terms of the extent of their root systems and the 
amount of foliage available. Where conditions associated with germination limit 
regeneration (for instance, under MPB-killed, unburned stands), planting 1+0 seedlings 
allows a comparison of the extent to which seedling survival depends upon the interface 
between the above and belowground resources. 
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1.5 Objectives 
The primary objectives of this thesis are: 
1. To characterize lodgepole pine regeneration and the related micro-site conditions across 
a range of disturbance scenarios associated with mountain pine beetle (MPB) infestation 
and wildfire. 
2. To identify limitations for the germination, survival, and recruitment of natural and 
artificial regeneration in relation to the effects of site moisture, fire severity, and 
competition by vegetation. 
3. To provide guidance on operational management implications of our findings on 
lodgepole pine stands infected by MPB and subsequently burned by wildfires. 
1.6 Hypotheses 
The specific null hypotheses in this thesis are as follows: 
1. At the stand level, it is hypothesized that limitations of regeneration do not exist for 
the processes of germination, establishment, and growth. 
2. In burned or unburned lodgepole pine stands attacked by mountain pine beetle, site 
moisture, fire severity, seedbed disturbance, and vegetation succession do not 
influence the germination and survival of natural and artificial regeneration. 
3. There is no difference in germination and survival between wild and improved 
lodgepole pine seed in burned, mountain pine beetle attacked stands. 
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2 Methods 
2.1 Selection of Study Area 
The 10,000 ha Kenny Dam fire (124°54'27" W, 53°36'34" N) occurred southwest of 
Vanderhoof, BC (Figure 1). The fire extent was determined by Canadian Forest Products 
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Figure 1. General location map of the 2004 Kenny Dam fire. 
Ltd. - Plateau Division who provided a global positioning system (GPS) boundary of the 
wildfire and high-resolution aerial photography (one year before and six weeks after the 
fire). The post-fire image captured in 2004 was enhanced using proprietary procedures of 
TDB Forestry Consultants to emphasize MPB-attacked stands (S. Emmons, pers. comm.). 
To minimize site variation, a geographic information system (GIS) was used to select all 
potential sites using the criteria in Table 1. 
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Table 1. Selection criteria used to minimize environmental variation between study sites. 
Source 
DEM 
DEM 
Buffer 
Buffer 
VRI 
VRI 
VRI 
Criteria 
Slopes between 0-3% 
Elevation range between 700-1100m 
Within 200m of roads but not 30m from road 
Not within 50m of lakes, rivers, swamps (riparian) 
Leading species >90% lodgepole pine, age class >=5 
Age >= 80 years 
Biogeoclimatic subzone 
Rationale 
minimize variation 
minimize variation 
edge influence 
minimize variation 
minimize variation 
minimize variation 
minimize variation 
A 25m digital elevation model (DEM) was generated from provincial terrain resource 
inventory mapping (TRIM) data. From the DEM, slope and aspect were derived and queried 
based on the criteria in Table 1. Other TRIM layers used included lakes, rivers, and roads to 
which buffers were applied to minimize edge effect. Using Vegetation Resources Inventory 
(VRI) and predictive ecosystem mapping (PEM) databases, age class, species composition, 
stand density, site index, and ecosystem variant polygons were queried by the criteria. A 
map of the preliminary polygons is shown in Figure 2. 
Field verification of inventory was completed using three temporary 50m2 fixed-radius 
plots. Height and age were recorded for two site trees and a site index calculated. In 
severely burned plots where crowns did not exist, diameter at breast height (dbh), rather 
than crown position, was required to determine dominance. Selection of the study sites was 
completed in late April - May 2005 using site moisture and fire severity to define 
disturbance scenarios. 
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Figure 2. Potential areas available for plot establishment (orange) based on the selection 
criteria. The boundary shown in red represents the 10,000 ha fire in 2004. 
2.2 Site Moisture 
The soil moisture conditions across the study area were classified into dry and wet sites. A 
Campbell Scientific time domain reflectometer (TDR) with a 12-cm probe for volumetric 
water content (%) was used to randomly sample target stands during field reconnaissance. 
The range in site moisture content across the study area was classified as dry (<20%) and 
wet (20-45%). 
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2.3 Fire Severity 
2.3.1 Burned MPB-attacked Stands 
The disturbance regime consisted of MPB-killed stands (>80% attack) in combination with 
high, moderate, and low severity wildfire. Level of MPB attack was determined in unburned 
stands by a visual estimate and the presence of red crowns. In burned stands, using fixed 
radius plots in combination with MPB-enhanced aerial photography, visual identification of 
beetle galleries under the bark and pitch-tubes was necessary to verify MPB attack. 
2.3.1.1 Fire Severity Mapping 
An unsupervised classification of the colour aerial photography (scanned product) was 
performed to produce an estimate of fire severity. The classification was made using remote 
sensing software (PCI Geomatics 2005), comparing stands identified by the fire severity 
classes and preliminary site selection data as ground truth (Bertolette and Spotskey 2001). A 
mask was created using the fire boundary to limit the classification to the fire area and 
mature forest. The supervised classification was run on the red, green, and blue channels of 
the imagery using a target of 30 classification classes. The resultant classes were sieved 
(grouped) to a minimum area of one ha. The classes were then labelled using manual 
interpretation (Figure 3). 
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Figure 3. Fire severity map of the Kenny Dam fire showing the extent of fire behaviour and 
the respective percentage of mature forest burned. 
The area representing each fire severity class was calculated using a grid summary function 
in the GIS. Low fire severity accounted for the greatest proportion of the burned, mature 
forest (39%) followed by high (32%), and moderate (29%). An accuracy assessment 
comparing the classification to known fire severity conditions in mature, MPB-attacked 
stands resulted in 65% accuracy. 
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Due to the lack of ground truth sites (locations of known conditions), a more quantitative 
methodology is preferable to the remote sensing classification (B. Hawkes, pers. comm.). 
Ryan and Noste (1985) provided a method to estimate fire severity using the relationship 
between flame length and depth of char. Extensive criteria for each parameter resulted in a 
two-dimensional matrix of 20 fire severity classes. Their fire matrix does not consider 
differences between wet and dry sites. To accommodate the wet and dry sites, severity 
conditions were visually aggregated into three post-fire severity classes: high, moderate, 
and low (Figure 4). The distinction was based on the amount of crown and subsequent cone 
consumption. A relative measure of duff consumption by depth between sites was also used 
in defining the classes. Reducing severity classes in this fashion was considered acceptable 
(B. Hawkes, pers. comm.). 
Figure 4. Structural crown differences between high (a), moderate (b), and low (c) fire 
severity conditions, found in the Kenny Dam fire area. 
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2.3.1.2 Unburned MPB-attacked Stands 
MPB-killed stands that remained unburned and unsalvaged represented the disturbance 
regime in unmanaged forests (control). They provided an insight to the potential 
rehabilitation of such stands. In our study, we under planted three replicate stands with 
improved class A seedlings on wet and dry sites. 
2.4 Experimental Design 
2.4.1 Disturbance Plot Establishment 
Once the study area was defined by the selection criteria, target stands were identified 
across the two soil moisture and the three fire severity classes. Within identified stands, 
rectangular disturbance plots were established using a random starting point for the first 
corner. Point of commencement for plots was recorded using a GPS unit and survey bearing 
and distances recorded. Boundaries were marked with flagging tape. Site moisture classes 
(dry and wet), each with fire severity classes (high, moderate, and low) were replicated 
three times for a total of 18 disturbance plots in burned sites. Another six disturbance plots 
in unburned sites were established using similar protocols. 
2.4.2 Regeneration Treatments 
For each disturbance plot in burned MPB-attacked stands, observations of natural 
regeneration (control) were complemented by direct seeding (wild and improved seed) and 
planting improved seedlings. Because of inherent limitations of substrate (thick moss layer), 
interspecific plant competition, and light availability for natural regeneration, we used 
planted nursery stock as the only regeneration treatment for unburned MPB-killed stands. 
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2.4.3 Seeded Plot Establishment 
Within the 18 disturbance plots (9 dry, 9 wet), three replicate sub-plots measuring 1x2 m 
(lxl m frame times two for a total of 108) were systematically located cardinally 
(north/south) independently from each other, in an attempt to capture similar micro-site 
conditions. Where necessary, CWD was removed to reduce natural variability. Metal stakes 
were driven into the ground at two corners of each lxl m frame to allow consistent 
sampling over the course of the experiment. To further determine limitations to germination 
and survival, seeded plots were divided into exposed mineral soil (disturbed) and 
undisturbed substrate conditions. This was accomplished through the careful removal of the 
organic layer using a small trowel on the north half of the seeded plots to expose mineral 
soil leaving the southern half of the subplots undisturbed. A control plot to monitor 
vegetation and natural ingress was randomly located 7.5 m to either the north or south of the 
split-plot configuration (Figure 5). 
Planted seedlings (12-14) 
at 60cm spacing 
Seed 
Wild Improved 
* * * * * disturbed seedbed 
" OMttetaMwd seedbed 
* * * * * tftNtiSiiiMH^Hw * * * * * 
50x4 = 200 seeds 
i 7,5 m 
I 
1 m 
1m 
Figure 5. Seeded plot configuration showing the wild seed quadrat, the class-A seed quadrat 
(improved), both divided to expose the mineral soil. Planted seedlings flank each side. 
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2.4.3.1 Seeding/Sampling Frame 
Plastic seeding/monitoring frames were strung with plastic cord to form a grid of 100 
intersections. Seeded plots were grid-planted (50 seeds each), to distinguish experimental 
from naturally occurring seedlings. The west frame was seeded with wild seed (BC 25110) 
and the east frame was planted with improved, Class A seed (BC 61041). By weight, 
improved seed was about 30 percent heavier than the wild seed. Across all seeded plots, 
10,800 planting spots were available. Of these, only 9 planting spots had impediments such 
as rocks and roots that prevented seeding. Seeds were planted in a 1cm square planting spot 
in the southeast corner of each intersection. Forceps were used to insert individual seeds (1 
seed per planting spot) 5 mm beneath the mineral seedbed (disturbed) and organic layer 
(undisturbed). Planting on May 14-15, 2005 was followed by a week of rain that aided 
germination. 
2.4.3.2 Planted Nursery Seedlings 
Class A nursery seedlings (seedlot # 47361) from two Pacific Regeneration Technologies 
(PRTA) nurseries (Vernon - 3 boxes and Armstrong - 2 boxes) were donated by Canfor -
Plateau Division. The stock type was PCT 310B 1+0 and they had been lifted in October 
and November 2004, respectively. Immediately following seeding of burned treatments, 
seedlings were systematically planted over the following two days (May 16-17, 2005). In 
burned treatments, half of the allotted seedlings for the subplot (12-14) were planted 
adjacent to the west side of the seeded subplot and the other half to the east side at 50 cm 
intervals (Figure 5). In unburned treatments, all seedlings were planted in groups of 24-28 
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with similar spacing (Figure 6). In total, 1828 seedlings were planted in burned and 
unburned treatments. 
Planted seedlings (24-28) 
at 50cm spacing 
* * * * * * * * * 
j 7.5 m 
4 
1 m 
1m 
Figure 6. Regeneration subplot for unburned treatments showing the seedling planting spots 
in relation to the control. 
2.5 Data Collection 
Measurement in year 1 for soil moisture, soil temperature, seed germination/survival, and 
natural regeneration in the controls commenced June 14, 2005 and continued bi-weekly 
until September 11, 2005. For year 2, measurement started on May 26, 2006 and continued 
monthly (within a day of coinciding year 1 dates) until August 18, 2006. Light data were 
collected in May 2005 and July 2006. Vegetation data were collected annually in August. 
2.5.1 Soil Temperature 
Measurements were taken bi-weekly in year 1. To capture the range of temperature 
throughout the growing season, two measurements for each seeded plot were taken from 
disturbed and undisturbed seedbed conditions using a digital soil probe at the outer edge of 
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each treatment. The rationale for this is that mineral soil retains heat much better than 
organic material (Heineman 1998) and could provide valuable information for germination 
and survival data analysis. 
2.5.2 Soil Moisture 
Volumetric water content was measured bi-weekly in year 1 and monthly in year 2. Four 
readings were taken at the seeded plot edge (centre) using a Campbell Scientific time 
domain reflectometer (TDR) (Fleming et al. 1996). A 12-cm TDR sensor probe was used to 
capture the range of soil moisture in the shallow, newly established rooting zones. 
2.5.3 Available Light 
Light availability at the centre of each seeded plot and control was measured using a LiCor 
LI-1400 photosynthetic active radiation (PAR) sensor and compared with open-sky readings 
taken in a nearby opening. Measurements were taken at a 24-cm height abve the ground on 
uniformly cloudy days when diffuse light conditions existed underneath the canopy. Using 
this procedure, measurements were recorded on May 31, 2005. 
2.5.4 Vegetation Richness 
In the three control quadrats within each of the 24 (18 burned + 6 unburned) disturbance 
plots, vegetation richness, composition, and percent-cover to the nearest five percent 'were 
described by an ocular estimation. Following baseline observations (May 2005), vegetation 
was described annually in August (2005 and 2006) when vegetation growth was at its peak. 
Mean percent cover (by Braun-Blanquet class) is provided in Appendix 1. 
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2.5.5 Vegetation Diversity 
To compare the diversity of vegetation in each treatment, Shannon's H and Simpson's D 
diversity and evenness indices were used. Diversity depends on the number of species 
present (richness) and the relative abundance of each species (Poole 1974). For a given 
species richness, diversity increases as equitability increases, and for a given equitability, 
diversity increases as richness increases (Gross et al. 2000). The distribution of individuals 
amongst species by disturbance scenarios defines evenness (Poole 1974). 
2.5.5.1 Shannon Index (H) 
The Shannon (or Shannon-Wiener) index accounts for the number of species and the 
similarity of species by treatment (Equation 1). The index is increased either by having 
more unique species, or by having greater species evenness. The proportion of each species 
by fire severity and site moisture class relative to the total number of species (p,) was 
calculated, and then multiplied by the natural logarithm of this proportion (lnp,), summed 
across all species and multiplied by -1 (Beals et al. 2000). 
(1) *L 
Equitability assumes a value between 0 and 1, with 1 being complete evenness (Gross et al. 
2000). Shannon's equitability (EH) was then derived by dividing if by Hmax (here Hmax = InS 
where S is the total number of species by treatment) as shown in Equation 2. 
( 2 ) E,-H/H„-HmS 
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2.5.5.2 Simpson's Index (D) 
To calculate Simpson's D (Equation 3), each proportion (pi) is squared, then these squared 
values summed, and then taken the reciprocal (divide one by the sum). 
D--± 
(3) & 
The equitability (ED) is then calculated using (ED = DI Dmax, with Z)max = S) as shown in 
Equation 4. 
D 1 1 
.2 
,J>
 ZL. £ a "J? 
(4) U 
2.6 Regeneration Assessments 
2.6.7 Seeded Plots 
The biweekly sample periods in 2005 were June 15, June 29, July 13, July 25, August 10, 
August 29, and September 11. In 2006, monthly sample periods were May 26, June 17, July 
25, and August 18. For each of the 11 sampling periods, the presence of germinated 
seedlings at each grid intersection was noted. If multiple seedlings were present outside the 
seeding zone, they were removed as replicates. For field efficiency at each sampling period, 
seedling presence was recorded independently of previous samples and may have included 
natural regeneration. This method required data verification in preparation for analyses. 
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2.7 Germination, Survival and Recruitment 
The assumption made for data verification was that, in any given cell, a seed could only 
germinate once and a seedling should be present in each subsequent sampling period unless 
it had died. In a Microsoft Excel spreadsheet, a macro-command verified the raw 
presence/absence data. 
Germination, survival, and recruitment rates were described for year 1, year 2, and years 1 
and 2 combined. Germination rates were calculated as the percentage of planted seed 
germinating from the total number of seeds by category in year 1, in year 2, and in years 1 
and 2 combined (50 seeds per seeded plot). Mean rates at each sampling period were 
obtained by taking the average germination and survival amongst disturbance plots. Of 
those seeds that germinated in the first season, the survival rate for year 1 is the percentage 
of germinants alive at the end of that season. An assessment of over-winter mortality 
captured seedling losses from the last sampling period in year 1 to the first sampling period 
in year 2. The survival rate in year two was calculated from seed that germinated only in 
year 2. Cumulative germination and survival rates represent total germination and survival 
across both seasons. Recruitment rates were obtained in year 1 by multiplying the 
germination by survival rates for the first season and in year 2 by incorporating cumulative 
germination and survival rates. Mean values for recruitment were determined in each 
disturbance plot. 
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2.7.1 Planted Nursery Seedlings 
To determine the survival rates for planted seedlings, a count of survivors was done at the 
final sampling period for year 1 (September 11, 2005) and year 2 (August 18, 2006). 
2.7.2 Natural Regeneration 
The number of existing natural seedlings in the controls was counted each sampling period 
over the two growing seasons. Seed rain assessment post-fire was not undertaken. 
2.8 Statistical Analyses of Germination, Survival, and Recruitment 
To test the null hypothesis that mean germination and survival rates did not differ (between 
wild and improved seed types), two-sample Wilcoxon rank-sum (Wilcoxon-Mann-Whitney) 
tests were selected because of non-normal distributions (Lehmann 1975). This is a non-
parametric test for assessing whether two samples of observations come from the same 
distribution. The null hypothesis is that the two samples are drawn from a single population, 
and that their probability distributions are equal. Where tests did not disprove the null 
hypothesis, data were pooled by that level (i.e. seed type) whose probability distributions 
were not different. Germination and survival rates of wild versus improved seed did not 
significantly differ in year 1, year 2, or cumulatively and were pooled. Using the pooled 
data, seed germination in disturbed versus undisturbed seedbeds were found to be 
significant in year 1 and 2 and could not be pooled. Survival rates however, did not 
significantly differ by seedbed disturbance and could be pooled. Significant differences also 
existed amongst site moisture and fire severity. Recruitment rates did not significantly differ 
by seed type and were pooled at this level. Where data was tested by three categories 
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(moisture, fire severity, and seedbed disturbance), a Kruskal-Wallis equality-of-populations 
rank test was performed as it allows such comparisons. Similar to the Wilcoxon-Mann-
Whitney, it tests the hypothesis that several non-parametric samples are from the same 
population (StataCorp 2005). For the purpose of this thesis, micro-site variables were used 
to aid in site characterization and therefore only differences in light (corresponding to site 
moisture and fire severity classes) were contrasted using ANOVA. 
Data on seedling presence and absence were statistically analysed using regression (seed 
germination). Logistic regression of the seed data provided analyses over the first and 
second growing season of seeded germination success (1) or failure (0) (Appendix 2). The 
powers of these analyses are strengthened by using all observations among replicates. The 
probability of an event (germination or survival) occurring in one or more categorical 
groups (i.e. dry versus wet) is described as an odds ratio. Describing this ratio as a percent 
coefficient illustrates the percent change of probability that an event will occur, given a unit 
increase in germination. Logistic regression was appropriate, given the dichotomous 
dependent variables (Bergerud 1996; Hall et al. 2003). LeMay et al. (2006) successfully 
used regression equations to predict regeneration in unburned MPB-killed stands in BC. 
The probability of germination for seeds that germinated (1), or did not germinate (0) in 
year 1 and year 2 was regressed against observed germination responses of independent 
variable categories and their interaction effects. 
The probability of seedling survival by category at the end of each growing season was 
regressed using ordered logistic regression. This method allowed the inclusion of seeds that 
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did not germinate (0), germinated but died (1), and those that survived (2). In this manner, 
each ordered state is dependent upon the next. A binary logistic model could only have 
compared two states (i.e. 1 vs. 0). The powers of analyses were strengthened because seeds 
that did not germinate are included in the analysis. All analyses were conducted at the 0.05 
alpha level using Stata (Statacorp 2005). The reported percent coefficient (the percent 
change in odds for an increase in germination or survival) predicts the influence of 
categorical site variables to the observed response (Appendices 2 and 3). 
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3 Results 
3.1 Site Description 
3.1.1 Light A vailability 
Consistent with fire severity classes, available light measured as the percentage of incoming 
PAR decreased as fire severity decreased and was least available in unburaed plots (Figure 
7). As denoted in small letters (dry) and capitals (wet), significant differences existed 
between all severities except high and moderate on wet sites (ANOVA, p < 0.05). 
Significant differences in light availability existed between dry and wet sites only under 
high and moderate severity conditions (*, Figure 7, ANOVA, p < 0.05). 
High Moderate Low Unburned 
Figure 7. Within each fire severity level, significant differences for mean (± S.E.) light 
availability between dry and wet sites are labelled with an asterisk. Values labelled with 
different small letters indicate significant differences between fire severity for dry sites 
(capitals letters are used for wet sites) (ANOVA, p < 0.05). 
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3.1.2 Soil Moisture 
Mean soil moisture across time is illustrated by Figure 8. Dry sites had generally one-third 
the soil moisture of wet sites across all fire severity treatments. On dry sites, soil moisture 
was less variable through time than on wet sites. High and moderate fire severity treatments 
in dry sites were nearly identical and lower in moisture than the low severity fire conditions. 
Wet sites were more variable through time but better reflected hydrologic input illustrated 
by an extremely wet year (2005) followed by the very dry year (2006). 
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Figure 8. Mean (± S.E.) soil moisture for each sampling period on wet and dry sites. 
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3.1.3 Soil Temperature 
First and last sampling periods, coinciding with late spring and early fall 2005, had lower 
soil temperatures (at 12 cm) for dry and wet sites than the summer months (Figure 9). 
Growing season soil temperatures were higher on dry sites, especially on high and moderate 
fire severity sites. Soil temperature declined with decreasing fire severity and was lowest in 
unburned stands. Due to researcher illness, data were not collected August 29, 2005 in 
unburned stands (*). 
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Figure 9. Mean (± S.E.) soil temperature measured in year 1 on dry and wet sites. 
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3.1.4 Vegetation Richness 
The count of vascular plant species present (richness) in unburned control sites (Table 2) 
shows that, on dry and wet sites and for all the time periods considered, fire greatly reduced 
vegetation richness. For instance, at the end of year 2, the number of species observed under 
high and moderate severity fires on dry sites was far less than under low severity fire (5 and 
7 species respectively versus 16 under low severity). On dry sites, species richness 
increased as fire severity decreased. On wet sites, fire severity did not influence the number 
of species present. Shannon's H and Simpson's D showed that richness was greatest on wet 
sites. 
Table 2. Vegetation richness and diversity. 
Richness 
Dry-
Sample High 
Aug-05 4 
Aug-06 5 
Dry-
Moderate 
5 
7 
Dry-
Low 
13 
16 
Dry-
Unburned 
17 
20 
Wet-High 
13 
19 
Wet-
Moderate 
6 
17 
Wet-Low 
16 
18 
Wet-
Unburned 
15 
18 
Shannon's H 
Dry-
Sample High 
Aug-05 1.5 
Aug-06 1.7 
Dry-
Moderate 
1.7 
1.2 
Dry-
Low 
2.2 
2.3 
Dry-
Unburned 
2.5 
2.8 
Wet-High 
2.3 
2.6 
Wet-
Moderate 
2.2 
2.6 
Wet-Low 
1.6 
2.4 
Wet-
Unburned 
2.4 
2.7 
Evenness of H 
Aug-05 0.4 
Aug-06 0.3 
0.3 
0.2 
0.2 
0.1 
0.1 
0.1 
0.2 
0.1 
0.1 
0.1 
0.3 
0.1 
0.2 
0.1 
Simpson's Reciprocal Index 
Sample Dry-High 
Aug-05 4.2 
Aug-06 5.1 
Dry-
Moderate 
5.4 
3.9 
Dry-
Low 
4.8 
5.0 
Dry-
Unburned 
8.3 
14.0 
Wet-High 
8.3 
11.7 
Wet-
Moderate 
12.8 
11.0 
Wet-Low 
4.7 
9.9 
Wet-
Unburned 
9.5 
12.9 
Evenness of D 
Aug-05 1.0 0.4 1.0 0.5 0.7 0.8 0.8 0.6 
Aug-06 1.0 0.2 0.8 0.7 0.6 0.6 0.6 0.7 
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On wet sites, in year 2 species richness between fire severities was not affected and was 
similar to that on unburned sites (ranged from 17 to 19 species versus 18 in the control). 
Furthermore, it was assumed that, prior to fire, vegetation richness was greater on wet sites 
than on dry sites. Amongst fire severity classes on dry sites, richness was similar for high 
and moderate severity sites and highest on low severity sites consistently through time. On 
wet sites, however, richness was lowest on moderate severity sites in year 1, but by year 2, 
increased vegetation establishment on these sites increased species richness to similar 
richness levels as high and moderate severity sites. There were more species observed on 
unburned dry sites (20) than on unburned wet sites (18). Therefore, our initial assumption of 
richness being greater on wet sites was incorrect. 
3.1.5 Vegetation Diversity 
The Shannon and Simpson indices indicated that in general, diversity increased from year 1 
to year 2 (Table 2). However, both indices indicated that diversity decreased through time in 
the dry-moderate fire severity sites and the Simpson Index showed a decrease in wet-
moderate sites. Species diversity in year 2 was greatest on unburned sites and in wet sites. 
Furthermore, impacts of fire severity on vegetation diversity on wet sites (not consistent 
between Shannon's H and Simpson's D) were not as extensive compared to those on dry 
sites. The interpretation of the evenness (the variation in populations between species) was 
best described by the evenness of Simpson's D. As the maximum value for evenness can be 
1, the results of evenness illustrate that on dry sites, the variability of populations between 
species was negatively related to fire severity. On wet sites, evenness is positively related to 
fire severity but the distinction is less clear. Furthermore, evenness is greater on wet sites 
versus dry sites. On all burned sites, evenness of H decreased from year 1 to year 2. 
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3.2 Germination, Survival and Recruitment 
The overall germination rate for the 10,800 planted seeds after two growing seasons was 
33.6%. In both wet and dry sites, observed germination was highest in the spring and 
continued until the last monitoring period (Figure 10). 
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Figure 10. Mean (± S.E.) germination rates in dry (A) and wet (B) sites affected by fire 
severity in years 1 and 2. For each column, the bars represent the mean germination of 1800 
planting spots across each moisture-fire severity treatment (n=3). 
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Variability in germination was greatest on wet sites early in the year but decreased during 
the growing season for both sites. Seed germination rates were greatest in the spring, with 
germination continuing until late summer of the second year. No new germinants were 
detected in mid-August 2006, the last sampling period of year 2. Overall, there was more 
than three times less germination on dry sites (22.6% as compared to 77.4% on wet sites) 
although the pulse of spring germination was comparable on both wet and dry sites. The 
effect of fire severity on germination was less important on wet sites, where germination 
rates did not differ amongst high, moderate, and low fire severities. On dry sites, 
germination rates were highest under low fire severity conditions and there was no 
difference between the effects of high and moderate fire severity. 
3.2.1 Over-winter period 
All seeded germinants present in the last sampling period of 2005 survived the over-winter 
period. In fact, new germinants were observed, likely in the spring of 2006 (Table 4). 
Table 3. Over-winter population change by treatment. 
Treatment 
Site Moisture 
Dry 
Wet 
Fire Severity 
High 
Moderate 
Low 
Seed Type 
Improved 
Wild 
Fall 
Seedlings 
(2005) 
295 
1783 
569 
701 
808 
1124 
954 
Spring Seedlings 
(2006) 
298 
1787 
572 
701 
810 
1129 
956 
New 
Seedlings 
3 
4 
3 
2 
2 
5 
2 
Seedbed 
Disturbed 1496 1501 5 
Undisturbed 582 584 2 
3.2.2 Effects of Seed Provenance 
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In considering the seed germination and 
survival rates in year 1, there was no 
significant difference in germination (p = 
0.16) and survival (p = 0.67) rates between 
wild and improved experimental seed (Figure 
11). In year 2, there was no significant 
difference in germination rates (p = 0.23) 
between wild and improved experimental 
seed. Of the seeds that germinated in year 2, 
none survived. After two seasons, there 
continued to be no significant difference in 
germination (p = 0.18) or survival (p = 0.91) 
rates between wild and improved experimental 
seed. 
Figure 11. (a) Mean (± S.E.) germination and 
survival rates in year 1 for wild and improved seed 
material inclusive of site, fire severity, and 
seedbed disturbance, (b) Mean (± S.E.) 
germination and survival rates in year 2 for wild 
and improved seed material inclusive of site, fire 
severity, and seedbed disturbance, (c) Mean (± 
S.E.) cumulative germination and survival rates in 
years 1 and 2 for wild and improved seed material 
inclusive of site, fire severity, and seedbed 
disturbance. 
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3.2.3 Effects of Seedbed Disturbance 
100 
80 
60 
& 40 
20 
0 
100 
80 
Co" 60 
S. 40 
20 
Year 1 Germination vs. 
Survival Rates 
• Disturbed 
• Undisturbed 
i-
Germination Survival 
(%) 
Ra
te
 
80 
60 
40 
20 
0 
Year 2 Germination vs. 
Survival Rates 
Germination Survival 
Cumulat ive Germinat ion vs . 
Survival Rates 
Germination Survival 
Year 1 pooled seed response by seed type 
(Figure 12) showed a significantly higher rate 
of germination on disturbed seedbeds (p 
=0.00). Survival in year 1 was not 
significantly different ( p = 0.29) between 
seedbed disturbance treatments. In year 2, 
germination rates were not significantly 
different between seedbeds (p = 0.68). All 
seedlings that germinated in year 2 died. After 
two growing seasons, there was significantly 
higher germination on disturbed seedbeds (p = 
0.00) but no difference existed for cumulative 
survival (p = 0.48). 
Figure 12. (a) Mean (± S.E.) germination and 
survival rates for year 1 on disturbed and 
undisturbed seedbeds inclusive of seed type, site, 
and fire severities, (b) Mean (± S.E.) germination 
and survival rates for year 2 on disturbed and 
undisturbed seedbeds inclusive of seed type, site, 
and fire severities, (c) Mean (± S.E.) cumulative 
germination and survival rates for years 1 and 2 on 
disturbed and undisturbed seedbeds inclusive of 
seed type, site, and fire severities. 
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3.2.4 Effects of Site Moisture 
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Across all fire severities, the rate of 
germination (p = 0.00) and survival (p = 0.00) 
is significantly higher on wet sites versus that 
on dry sites (Figure 13). In year 2, the 
germination rate was also significantly higher 
(p = 0.00) on wet sites. Of year 2 germinants, 
none survived. Considering the cumulative 
germination (p = 0.00) and survival (p = 0.00) 
rates for years 1 and 2, both were significantly 
higher on wet sites. 
Figure 13. (a) Mean (± S.E.) germination and 
survival rates in year 1 for wet and dry sites. Data 
were pooled by fire severity, seedbed disturbance, 
and seed type, (b) Mean (± S.E.) germination and 
survival rates for year 2 for dry and wet sites. Data 
were pooled by fire severity, seedbed disturbance, 
and seed type, (c) Mean (± S.E.) cumulative 
germination and survival rates across years on dry 
and wet sites. 
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3.2.5 Effects of She Moisture, Fire Severity and Seedbed Disturbance 
Significant differences existed for germination by site moisture, fire severity, and seedbed 
disturbance requiring data to be summarized accordingly (Figures 14, 15, 16). On dry 
disturbed sites, there was significantly higher germination on low severity fires as compared 
to high (p = 0.01) and moderate (p = 0.00) fire severities, which were not significantly 
different from each other (p = 0.93). On dry undisturbed sites, there was significantly less 
germination than on disturbed sites (p = 0.00). Germination rates on undisturbed sites were 
also significantly higher on low severity fires as compared to high (p = 0.00) and 
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Figure 14. Effects of site and fire severity as they contribute to the mean (± S.E.) 
germination rates for year 1. Data were pooled by seed type. 
moderate (p = 0.00) fire severities, which were not significantly different from each other (p 
= 0.41). On wet sites, germination was significantly higher (p = 0.00) than on dry sites. On 
wet disturbed sites, there was significantly higher germination on low (p = 0.05) and 
moderate (p = 0.05) severity fires as compared to high and were not significantly different 
from each other (p = 0.80). On wet undisturbed sites, there was significantly less 
germination than on disturbed sites (p = 0.00). Germination rates on wet, undisturbed sites 
were also significantly higher on moderate severity fires as compared to high (p = 0.02) but 
38 
not significantly different between moderate and low severity (p = 0.52) or high and low 
severity (p = 0.63). 
In year 2, the trends in germination rates on dry sites paralleled year 1 (Figure 15) albeit 
rates are much lower than in year 1. On dry disturbed sites, there was significantly higher 
germination on low severity fires as compared to high (p = 0.01) and moderate (p = 0.01) 
fire severities, which were not significantly different from each other (p = 0.51). 
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Figure 15. Year 2 mean (± S.E.) germination rates on dry and wet sites by fire severity. Data 
were pooled for seedbed disturbance and seed type. 
On wet disturbed sites, there was no significant difference in germination rates between 
high and moderate (p = 0.46), moderate and low (p = 0.80), or high and low (p = 0.42) fire 
severities. On wet undisturbed sites, there was no significant difference in germination rates 
between high and low (p = 0.31) but significant differences did exist for moderate and low 
(p = 0.03), and high and low (p = 0.05) fire severities. 
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Cumulative germination rates on dry and wet sites reflected observations from year 1 
(Figure 16). On dry disturbed (p = 0.00) and undisturbed (p = 0.01) sites, germination rates 
are significantly higher under low fire severity. On wet disturbed sites, a significant 
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Figure 16. Mean (± S.E.) cumulative germination rates on dry and wet sites under high, 
moderate and low fire severity fires. Data were pooled for seed type. 
difference in lower germination rates only existed between high/moderate (p = 0.04) and 
high/low fire (p = 0.05) severities. On wet undisturbed sites, germination rates continued to 
be variable and were significantly higher (p - 0.00) in moderate severity as compared to 
high and low severities. 
Survival rates were significantly higher on dry sites in year 1 under low fire severity as 
compared to high (0.05) and moderate (p = 0.03) severities (Figure 17). On wet sites, 
survival declined with declining fire severity however, survival was only significant 
between high and low fire severity (p = 0.02). 
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Figure 17. Mean (± S.E.) year 1 and cumulative survival rates on dry and wet sites under 
high, moderate and low fire severity fires. Survival in year 2 was zero. Data were pooled for 
seed type. 
3.2.6 Recruitment of Seeded Germinants 
There were no significant differences in recruitment rates between seed provenance 
allowing data to be pooled by seed type. The recruitment rates of dry and wet sites for year 
1 and cumulatively for year 1 and year 2 is shown in Figure 18. Recruitment in year 2 did 
not occur as survival rates for that year 2 were nil. On dry disturbed sites, there was 
significantly higher recruitment on low severity fires as compared to high (p = 0.00) and 
moderate (p = 0.02) fire severities, which were not significantly different from each other (p 
= 0.51). On dry undisturbed sites, there was also significantly higher recruitment on low 
severity fires as compared to high (p = 0.02) and moderate (p = 0.02) fire severities, which 
were not significantly different from each other (p = 0.93). This trend continued for 
cumulative recruitment rates on dry sites that were significantly higher than high and 
moderate severity on disturbed (p = 0.00, p=0.01, respectively) and undisturbed seedbeds (p 
= 0.00, p=0.01, respectively). On dry and wet undisturbed sites, there was no significant 
differences between recruitment rate by fire severity on disturbed and undisturbed sites. 
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Figure 18. Mean (± S.E.) recruitment rates using pooled data illustrate higher rates in wet 
sites campared to dry sites both for year 1 and cumulatively. 
3.2.7 Logistic Regression Analyses of Germination — Year 1 
In year 1, the odds of germination on wet sites compared to dry sites were 664% greater 
(Appendix 2). There is no significant difference (p = 0.56) between germination in year 1 
under high and moderate fire severity (the odds of seeds germinating under moderate fire 
severity was only 9.0% greater than under high severity). However, seeds were 354% more 
likely to germinate on low fire severity as compared to high and moderate severity sites. On 
wet, low fire severity sites, the probability of germination decreased by 73%, illustrating 
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vegetative competition (as compared to high and moderate severity fires). There was 
significantly better germination (p = 0.00) on disturbed sites as the odds on undisturbed 
sites decreased by 55% as compared to disturbed sites. The regression also showed 
germination of wild seed significantly different in year 1 (p = 0.00) with the odds of wild 
seed germinating decreased by 19% as compared to improved seed. 
3.2.8 Ordered Logistic Regression Analyses of Survival - Year 1 
Ordered logistic regression of the seed data provided insights into seeded seedling survival 
at the end of the first and second growing seasons (Appendix 3). In year 1, the odds of 
survival on wet sites increased by 1882%o as compared to the odds on dry sites. For all sites, 
there is no significant difference between survival at the end of year 1 under high and 
moderate fire severity (p = 0.48) but a significant difference existed under low severity (p = 
0.00). The odds of survival on low fire severity sites were more favourable (642%) as 
compared to the odds on high and moderate sites. On wet sites however, the likelihood of 
survival under low severity decreased by 84%. If the seedbed remained undisturbed, the 
odds of survival decreased by 73%. In contrast to mean survival rates, the logistic 
regression found a significant difference between wild and improved seed in year 1 (p = 
0.01) with the odds of wild seed survival decreasing by 23%> as compared to that for 
improved seed. 
3.2.9 Logistic Regression Analyses of Germination — Year 2 
For new germination in year 2, the odds of germinating on wet sites decreased 194%) 
compared to year 1. There continued to be no significant difference (p = 0.53) between 
germination under high and moderate fire severity but the odds of germinating on moderate 
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fire severity sites decreased marginally (1.5%). The odds of germination on low fire 
severity sites increased 97%. The odds of germinating on wet, low fire severity sites 
increased 6.0%. The odds of germination on undisturbed sites increased 9.9%. The odds of 
wild seed germination dropped by 1.0% compared to improved seed. 
3.2.10 Ordered Logistic Regression Analyses of Survival - Year 2 
In year 2, the odds of survival on wet sites compared to that on dry sites decreased by 
304%. There was no significant difference between survival at the end of year 2 under high 
and moderate fire severity (p = 0.41), but the odds of survival on moderate fire severity sites 
decreased by 4.5%. In year 2, the odds of survival on low fire severity sites decreased 
174.0%. The odds of survival on wet, low fire severity sites increased 4.7%. Survival on 
undisturbed sites increased 19%. The significant difference between wild and improved 
seed in year 2 (p = 0.03) remained with the odds of wild seed survival, decreasing by 36% 
as compared to improved seed. 
3.3 Natural Regeneration (Controls) 
On dry sites, the control quadrats failed to capture natural regeneration under the high and 
moderate fire severity treatments (Figure 19). On dry high and moderate severity sites, the 
random location of quadrats did not capture any natural regeneration, but preliminary fixed 
plots had densities of 100-200 stems/Ha (sph). On a per hectare basis, the mean density of 
natural seedlings in the dry, low fire severity sites for year 1 and year 2 was 45,185 sph and 
64,074 sph, respectively. Overall, the occurrence of natural regeneration was more prevalent 
on wet sites. In fact, the average amount of regeneration on wet, high fire severity 
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treatments (46,667 and 76,296 sph) was similar to the dry, low severity fires. Regeneration 
density and the variability in density increased as fire severity decreases (year 1: moderate 
281,481 sph, low 481,852 sph; year 2: moderate 441,111 sph, low 732,222 sph). 
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Figure 19. Mean (± S.E.) natural regeneration densities in the control plots across site 
moisture and fire severity treatments for years 1 and 2. 
In the control plots, high survival rates on wet sites support trends of increased survival 
observed in the seeded plots (Figure 20). 
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Figure 20. Survival rates (± S.E.) for control plots used to monitor natural regeneration in 
years 1 and 2. 
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Natural regeneration survival was best under the moderate severity treatment and similar 
between high and low fire severities. Second year survival rates declined from year 1. 
3.4 Survival of Under Planted Seedlings 
Overall, 77.5% survival of the planted seedlings was observed. On dry sites, wildfire 
reduced survival of under planted seedlings to 67.8% as compared to the unburned control 
(90.9%; Figure 21). 
Planted Seedling Survival 
Rates - Dry Sites 
Year! Year 2 
Planted Seedling Survival 
Rates - Wet Sites 
Yearl Year 2 
Figure 21. Mean (± S.E.) under planted seedling survival rates in dry and wet sites for years 
1 and 2. 
Mortality rates from year 1 to year 2 was not significantly different on dry sites. On wet 
sites, the effect of fire was not as pronounced but wet survival rates (86.9%) were higher 
than those on dry sites (66.9%). Mortality on wet sites was highest under low fire severity 
and in the unburned control in year 2. 
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4 Discussion 
Following recent natural disturbance events, the managed landscape surrounding the Kenny 
Dam is now a mosaic of forest habitats. A rare combination of epidemic MPB infestation 
and wildfire disturbance in this accessible area afforded the research opportunity. To study 
their combined influences on regeneration, this thesis hoped to document the cumulative 
effects of natural disturbances, which in some sites have created conditions where seed 
source and survival of regeneration are limited. 
4.1 Site Conditions Following MPB Infestation and Subsequent Wildfire 
Given our lack of pre-fire stand information, inferences were made solely from post-fire 
measurements. MPB alters the fuel complex resulting in altered fire behaviour (Turner et al. 
1999). Fire behaviour, characterized by fire severity and influenced by site variables, can be 
used as the differentiating factor in dictating seed availability from the canopy and adjacent 
sites (de Groot et al. 2004). On many sites in our study, fire cemented organic matter into a 
hard crusty layer, further shedding precipitation and acting as an impediment to germination 
on undisturbed sites and controls. Given time, the hard crusty layer should break up, 
allowing future waves of germination to occur if seeds are available. The proportion of the 
amount of burned, blackened and remnant organic matter to mineral soil appeared higher on 
wet sites where conditions prevented complete vaporization of organic matter (as was 
experienced on dry sites). In fact, dry sites are known for their extremely slow recovery 
following wildfire whereas wet sites may recover more quickly (Brulisauer et al. 1996). 
Where cones in the crown or on the ground were completely consumed by fire, pine stand 
development may be altered but other successional paths may be taken. Turner et al. (1998) 
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found that the presence of MPB, prior to wildfire, altered successional pathways, including 
that of understorey vegetation, and Brulisauer et al. (1996) theorized that succession does 
not stabilize for at least 100 years. Four main considerations of site condition influenced 
germination, survival, and recruitment rates: site (weather, location, and moisture), fire 
severity, post-fire micro-site conditions, and successional development. 
The first season following the Kenny Dam fire (2005) was one of the wettest in recent 
times, and the extremely dry second season reduced much of the excess soil moisture 
through evaporation (as more light penetrated the canopy as needles fell off) and uptake by 
pioneering vegetation (also invigorated by higher light levels). Soil moisture has been found 
to be a critical factor in regulating the extent of fire severity (Ryan and Noste 1985; 
Hartford and Frandsen 1992) and affects how severely soils burn (DeBano 2000; Chanasyk 
et al. 2003). Where MPB and fire impacted soil water infiltration, excess site moisture may 
have contributed to reduced germination rates. Our arbitrary classification of sites into dry 
and wet was satisfactory for the purposes of making inferences on regeneration success. 
The results of the fire severity mapping classification (Figure 2), combined with 
measurements of available light, confirmed little difference existed between high and 
moderate severity crown structure, especially on wet sites. Due to these similarities, one 
could justify the grouping of high and moderate severity classes for mapping purposes. 
Doing so indicated that the majority of MPB-killed stands experienced higher fire severity 
impacts. Fire severity was especially pronounced on dry sites where the structure of the 
vegetation layer was not as developed as on wet sites. Similarities between high and 
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moderate fire severity classes on dry sites led to comparable germination, survival, and 
recruitment rates. Specifically, high and moderate fire severity conditions on dry sites 
inhibited the germination and survival of experimental seed, mimicking the low natural 
regeneration densities observed (<200 sph). Low natural densities inferred a lack of seed 
rain as demonstrated by completely consumed crowns and soil organic matter. Even if seed 
had been plentiful (as tested in our trial), site conditions limited germination, survival, and 
recruitment rates. We were able to demonstrate that on dry sites, where conditions are very 
similar, the variability surrounding mean germination and survival rates was very low. On 
wet sites where a range of conditions existed, the variability was greater as would be 
expected given the range in soil moisture conditions. A decline in wet cumulative survival 
rates on moderate severity classes corresponded to a decline in vegetation species richness, 
and inferred that these particular sites may have experienced more severe fire effects that 
were otherwise visible. 
Although our sites were classified by site moisture and fire severity, measurements of light 
availability demonstrated that the classification held. On wet sites where there was no 
significant difference between high and moderate fire severity, light availability was higher 
in high versus moderate severity conditions. A range of light availability that declined as 
fire severity declined defined site differences. Such micro-site conditions inherently limited 
or enhanced seedling survival. On dry sites, available light was not significantly different 
between high and moderate fire severity fire conditions. Soil moisture measurements on dry 
sites followed this same trend. On wet sites, there was little difference between soil 
moisture by fire severity. Regardless, a trend of decreased light existed as fire severity 
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decreased on both dry and wet sites. In contrasting dry and wet sites by fire severity, a 
significant difference existed only between the high severity classes. Light was significantly 
less available in low severity sites and unburned stands than in high and moderate fire 
conditions. On wet productive sites, high severity fires did not consume as much crown 
biomass (as demonstrated by decreased light availability) due to site attributes (increased 
site moisture, understorey vegetation, and height to live crown). At the seedling level, 
available light was influenced by understorey vegetation as well. While surrounding 
vegetation can absorb up to 90% of the incoming solar radiation, light levels may be 
adequate where the vegetation re-establishment is uneven (Spittlehouse and Stathers 1990). 
On our sites, the extent of vegetation establishment was dependent upon fire severity. On 
dry sites of high and moderate fire severity, there was 51% less vegetation re-establishment 
than on low fire severity sites as measured by species richness. On wet sites, there was no 
difference in re-establishment between high and low severity fires. Wetter sites provided 
more favourable conditions for plant re-establishment than dry sites. Similarly to our 
findings, four years following the Yellowstone fires in 1988, there was 63% less vegetation 
re-establishment on high severity sites than on moderate and low severity fires (Turner et al. 
1999). Following MPB-induced mortality prior to wildfire, understorey vegetation may 
have responded favourably to diminished competition and increased resource availability. 
Wagner et al. (1999) found that the critical period of vegetative competition for Jack pine 
(Pinus banksiana) is relatively short, falling between year 1 and year 2. Seedlings under low 
fire severity may have adapted to competition levels by the second year in our study. Plant 
re-establishment following fire is most rapid in the first several years and is propagated 
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primarily through remnant vegetation rather than seed migrating from adjacent areas 
(Oswald and Brown 1990; Turner et al. 2003; Wang and Kemball 2005). Our control plot 
observations confirmed these findings, especially concerning aspen, alders, and grasses. 
Increased production of vegetation (especially grasses) may occur uniformly following 
overstorey mortality (Stone and Wolfe 1996). Conditions immediately following the fire 
enabled the germination of disturbance-initiated species such as pink corydalis (Corydalis 
sempervirens) on dry sites, whose soil seed banks remain viable for up to a century (Pojar et 
al. 1992). More prolific was the occurrence of fireweed (Epilobium angustifolium = 
Chamerion angustifolium L.) and grasses (Calamagrostis spp.) that were abundant on all 
sites. Grass species have an ability to outcompete new seedlings, quickly harnessing soil 
nutrients and moisture (Clark and McLean 1975; Lieffers et al. 1993). On dry and wet 
unburned sites, conifer seedlings and saplings such as lodgepole pine (Pinus contorta var. 
latifolid), white spruce (Picea glauca) and subalpine fir {Abies lasiocarpd) survived in the 
under storey (data not shown). 
It was expected that the primary limitation to seedling establishment and survival on our 
wet sites would be plant competition. On wet sites, plant competition was highest on low 
fire severity sites. However, favourable microenvironment conditions created by shading 
during drought may have enhanced seedling survival on both dry and wet sites as compared 
to seeded plots that had little vegetation cover. Given that the critical period of vegetative 
competition for Jack pine is relatively short (and that lodgepole pine may behave like Jack 
pine), falling between year 1 and year 2, it could be expected that most seedling losses 
would be observed in this period (Wagner et al. 1999). 
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On dry sites, both diversity indices increased as fire severity decreased and from year 1 to 
year 2. On wet sites, the inverse relationship existed: species diversity decreased as severity 
decreased. Severely burned sites have been found in other studies to contain lower species 
richness than low severity sites (Turner et al. 1997, Wang and Kemball 2005). On our dry 
sites, vegetation richness increased as fire severity decreased; germination and survival 
were, however, highest under low fire severity (highest vegetation) in year 1. On wet sites, 
there was less variability in vegetation richness (although higher than on dry sites) and 
seedling survival was not impacted by vegetation in year 1 or cumulatively. Contrary to 
expectation, the density of natural regeneration was highest in stands with the greatest 
amount of vegetation and, in theory, the least favourable seedbed conditions. Such sites 
experienced less severe fire severity effects. 
4.2 Lodgepole Pine Regeneration in Burned MPB-killed Stands 
4.2.1 Predicted Influences 
Logistic regression and ordered logistic regression analyses were insightful tools for 
predicting site influences on germination and survival. Site moisture and fire severity 
explained most of the variation observed for germination and survival rates in seeded plots. 
Since sampling was done biweekly in year 1 and monthly in year 2, the observations were 
not independent. Attempts to implement longitudinal logistic regression that incorporated 
sample period as an independent random variable (time), did not enhance our understanding 
(data not shown). An attempt to refine these categorical models through the incorporation of 
micro-site data (continuous independent variables), including specific measurements of 
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light availability and bi-weekly soil temperature and soil moisture readings did not improve 
the predictive model. 
Likely, our characterization of habitat type (wet and dry sites) by fire severity class captured 
those measured influences. This is in agreement with Hall et al. (2003) who found that 
habitat type (as described by site moisture and forest structure attributes) was a strong 
predictor of stand replacing fires and the risk to regeneration using logistic regression. 
Kafka et al. (2001) also found that incorporating site metrics (i.e., aspect) and topography 
into a step-wise logistic model did not have significant influence in predicting fire effects on 
regeneration of seedlings. Further investigation of germination and early survivorship 
through survival analyses may provide further insights to recruitment dynamics following 
MPB and wildfire. Survival analysis is used to study an event (i.e., observing the time of 
seedling death) and address questions surrounding survival rates and those factors that 
increase or decrease the odds of survival (Statacorp 2005). 
4.2.2 Germination 
The overall germination rate (33.6%) across all seeded planting spots was almost one-third 
the ideal germination factor of 97% provided by the Seed Planning and Registry System. 
Wright et al. (2004) found that lodgepole pine seeds sown on organic and moss surfaces 
were significantly affected by predation. We likely minimized the effects of predation by 
placing seeds just below the surface with forceps. In the absence of seed protection from 
predation, we can only speculate about seed losses to birds and rodents. Our germination 
results are consistent with a study of Jack pine in the boreal forests of Saskatchewan, which 
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obtained post-fire direct seeded germination rates of 37% (Charron and Greene 2002). In 
our direct seeding work, it was hypothesized that most germination would occur in the first 
two months following initial seeding. Results indicated, however, that a spring pulse of 
germination occurred in both years. The spring pulse of germination enhances the 
likelihood that new seedlings will be recruited to the population. Since seeds were stratified, 
most should have germinated in the first year (Charron and Greene 2002), and emerged by 
July (Wright et al. 1998). Seed germination is known to be dependent on soil moisture and 
temperature (Feller 1982). Given these insights, natural recruitment (instead of the ones 
seeded in the grid) could have been observed as seeded individuals in year 2 on wet sites. 
On dry high and moderate fire severity sites where seed rain was unlikely (due to complete 
crown consumption) and cones on the ground were mostly absent, there was evidence of 
germination in year 2 at the grid intersections. This implies that under some site conditions, 
stratified seed may not have germinated until the second season due to a moisture 
limitation. Some level of germination also continued on dry and wet sites throughout both 
growing seasons until August 2006. Those seeds that germinated in the second year did not 
survive, very likely due to moisture stress in the dry second season. Therefore, year 2 did 
not contribute to recruitment on all sites. Clearly, seed is responding to specific 
microenvironment conditions that may at first limit germination, then as conditions 
improve, favour germination. 
Cumulative germination (accounting for both years) continued to demonstrate that 
germination was most influenced by site moisture with rates higher on wet than on dry sites. 
On wet sites, there was no significant difference in cumulative germination between high, 
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moderate and low fire severities. Clearly, adequate moisture was available to trigger the 
germination of seeds. On dry sites however, where moisture was limiting, a significant 
difference existed between germination on high and moderate severity (almost identical) 
and on low fire severity. Cumulative germination rates on dry, low severity sites were 325% 
greater than those on the high and moderate fire classes. On low severity sites, the crown 
was intact, having been killed by MPB, and only singed by ground fire. The intensity of the 
fire was such that some understorey vegetation remained intact. A more complex stand 
structure in low severity sites contrasted incinerated crowns and soil organic matter of high 
and moderate severity sites. Soil moisture measurements confirmed that intact and unburned 
stand structure facilitated the retention of soil moisture and in turn, enhanced germination 
and early survivorship. 
Where germination conditions were limiting, micro-site effects contributed greatly to 
germination and survival. Our logistic regression of year 1 germination (Appendix 2) 
supports this finding with a higher odds of a seed germinating on disturbed seedbeds. 
Lodgepole pine is thought to prefer mineral soil exposed by ground fire (DeLong and 
Kessler 2000), and our findings confirm that germination was highest on disturbed mineral 
seedbeds. In fact, the changes in observed rates from year 1 to year 2 showed that 
germination increased by 23.2% on disturbed seedbeds while decreasing 9.3% on 
undisturbed seedbeds. This agrees with Schupp (1995) who found that mineral seedbed was 
very important for seed germination but did not guarantee survival. Our results confirmed 
that only germination, not survival, increased with forest floor disturbance created by 
wildfire. However, this contrasts with work by Wright et al. (2004) who found in the ICH 
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successful regeneration of lodgepole pine from seed increases with forest floor disturbance. 
Variation in post-fire seedling density is likely caused by site variation in burn severity 
(Turner etal. 1994). 
On dry sites, an inability to retain moisture combined with higher average soil temperatures 
likely created micro-site conditions that limited germination. This is demonstrated by a 
change in germination rate, from year 1 to year 2, of 50% less for dry sites versus that for 
wet sites. By fire severity, germination of dry sites was 20-50% less than that on wet sites 
but an increased change was observed across all fire severities. On wet sites, where 
germination was more variable by fire severity class, wildfire may have created 
hydrophobic soils in year one, perhaps causing seed losses through rot. In the drier second 
season, soil moisture on wet sites was decreasing, and germination rates on high and low 
fire severity experienced an increase (15.8% and 15.0%, respectively). On wet, moderate 
fire severity sites, a decline in germination rate (-8.7%) was observed. It is difficult to 
ascertain what was influencing germination and survival rates on these sites. This 
demonstrates that similar fire behaviour (i.e. classified as moderate severity) may result in 
greater than expected limitations. Such limitations may come from differences in soil 
properties such as structure (coarse fragments) and levels of nutrients. 
4.2.3 Establishment & Survival 
Survival of seedlings on dry sites was clearly less successful than on wet sites. There was 
no clear trend in survival in year 1 related to fire severity although the ordered logistic 
regression demonstrated an interaction between fire severity and site moisture. On wet sites 
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in year 1, survival rates were up to 30% higher than on dry sites. In year two, dry seasonal 
weather combined with moisture deficits left no survivors. Cumulative survival rates on dry 
sites decreased from year 1 but followed the same pattern with respect to fire severity. 
Moisture stress on warm, sandy soils has been found to be responsible for the early 
mortality of lodgepole pine in southern coastal BC (Garman and Orr-Ewing 1949). On our 
wet sites, there was no significant difference in survival across fire severity classes. 
However, survival was highly variable under wet, low fire severity. This was likely due to 
the variation in understorey vegetation found in such sites. Even though wet sites were not 
limiting in moisture, seed that germinated in year 1 may not have had enough root or foliage 
to outcompete understorey vegetation to survive in year 2. Cumulative survival rates also 
declined as compared to year 1. While there continued to be no significant difference in 
cumulative survival between fire severity classes, it was less variable under low fire severity 
and more variable under moderate fire severity. In moderate severity sites, unseen 
limitations of the site, as previously discussed for germination, may have contributed to the 
increased variability. 
In contrast to our findings, Turner et al. (1997) found that, under conditions of stand 
replacing wildfire following MPB in Yellowstone National Park, more seedlings were 
found on sites that experienced high fire severity versus low fire severity. In a subsequent 
study however, Turner et al. (1999) demonstrated that lodgepole pine regeneration was 
more often present on low and moderate severity fires than on high severity crown fires as 
observed in our study. The influence of combined disturbances of MPB infestation and 
wildfire examined in our study may have contributed to a lower seedling survival rate. In 
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the absence of disturbance, a 59% survival rate (versus 23% in our study) resulted from a 
direct seeding study of lodgepole pine in Finland (Varmola et al. 2000). However, the 
regeneration of Jack pine stands (Quebec), in the absence of MPB, which experienced 
wildfire of moderate and high severity, was not negatively affected (Jayen et al. 2006). 
In our experimental design, the removal of the organic layer from seeded plots created a 
depression along the plot edges, creating shaded and depressed micro-sites. We observed 
natural seedlings in the control plots (located in moisture-attracting depressions and micro-
sites shaded by coarse woody debris) that frequently contained more seedlings as compared 
to moisture shedding, exposed micro-sites. These observations led to exploratory data 
analyses of the edge seedling data. On disturbed seedbeds across all fire severities on dry 
and wet sites, a greater number of seedlings were observed to have survived on these edge 
locations (55.3%) as compared to the centre seeds (44.7%). On undisturbed seedbeds where 
this phenomenon did not exist, survival on edge locations (37.1%) was less than in middle 
locations (62.9%). Although preliminary, this seems to demonstrate that micro-site is 
important for early establishment of lodgepole pine in these habitats. High seedling survival 
may be attributed to a favourable micro-site where depressed micro-sites may allow 
moisture to collect, possibly enhancing survival (Black et al. 1988). On disturbed seedbeds, 
edge locations were favoured. On undisturbed sites, edge locations surrounded by trampled 
vegetation outside the plot, were less favoured than an undisturbed interior condition. 
Contrary to expectation, there was no difference in early survival rates of wild and 
improved Class-A seed. It was thought that improved seed from a seed orchard would 
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perform better than wild material, a reasonable hypothesis given the level of expenditure on 
developing improved growing stock in B.C. (FGC of BC 2007). However, the desired 
genetic traits developed in breeding programs (growth, form, and disease resistance) do not 
express themselves until trees mature. Given the plethora of forest health agents that kill 
pine, selecting seed for survival may be more important than for form. Resistance to pests 
and disease in light of the MPB infestation should outweigh growth characteristics. Using 
ordered logistic regression to estimate the probability of survival, the model found that 
survival in years 1 and 2 did significantly differ (p = 0.01 and p = 0.03, respectively) with 
the odds of wild seeds surviving slightly lower (12% and 11%, respectively). The power of 
such changes in odds was minimal considering that, in the same model, site moisture on wet 
sites increased odds by 1882% and 1578%, respectively. This regression approach could be 
used in other studies when selecting seed material exhibiting a higher probability of 
recruitment. 
4.2.4 Recruitment in the Seeded Plots 
Integrating germination rates with survival rates of experimental seed, recruitment provided 
an overall measure of the rate that new individuals (cohort) became part of the seeded 
population. Uneven-aged forest remnants from past wildfires (Delong and Kessler 2000) 
exhibit characteristics similar to the observed regeneration waves. On wet sites, the effect 
that the wet season in year 1 had on recruitment (17.5%) versus the very dry second season 
(0%) demonstrates the importance of seasonal moisture inputs above and beyond micro-site 
conditions. However, on dry sites, recruitment decreased only by 1.2%, showing that 
between the two years, site conditions were extremely limiting, and external input of 
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moisture made less of an impact. Cumulative recruitment rates accounting for both seasons 
showed that recruitment was not affected by seed type but significantly by site moisture. 
Seedbed disturbance was found to influence recruitment. This agrees with work by Johnson 
et al. (2003) on Jack pine: a primary factor in post-fire recruitment was the amount of 
suitable seedbed (i.e. exposed mineral soil). Regardless, recruitment rates may be negatively 
influenced by limitations in seed source (Nathan and Muller-Landau 2000), yet positively 
influenced by less competition for water (Keeley and Fotheringham 2000). 
4.2.5 Natural Regeneration 
Depressions and coarse woody debris provided shelter and may have acted as resistance to 
displacement by wind during early establishment. During windy days, sand was observed 
blowing across our dry sites. The small size of lodgepole pine seeds combined with the lack 
of resistance provided by the sandy soils make dispersion by wind very likely, further 
limiting the probability that germination can occur or that germination will be delayed 
(Johnson and Fryer 1992). The seed may migrate somewhere else and germinate. 
The stands we examined as dry sites were not adjacent to unburned stands that can 
introduce new seed through natural dispersal mechanisms (wind, animals, etc.). On wet sites 
where the effects of fire severity were less pronounced, surrounding unburned stands may 
have contributed dispersed seed into our experimental plots. On wet sites, waves of natural 
ingress (establishing seedlings) were observed in control plots. On dry sites, especially 
under high and moderate fire severity, control plots ( lm x lm) did not capture regeneration, 
simply because of the low number of naturals present on site. Preliminary circular sample 
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plots (5.64m radius) captured densities of less than 200 sph. Coates and Hall (2005) 
suggested that 1000 stems/ha are required in a stand to fully reoccupy a site. As a 
comparison, at the end of year 1, temporary transects were established along the edge of 
disturbance plots to minimize the effect of trampling. Seedling counts were done along 
transects every three metres using a frame (25 cm x 50 cm). Seedling density trends by fire 
severity reflected findings in the control plots. Regeneration was not captured by transect 
plots under dry, high and moderate fire severities and was highest on dry low severity sites. 
On dry low severity sites, seedling densities captured by boundary transects exceeded 
28,000 sph. On wet sites, the number of seedlings in boundary transects increased as fire 
severity decreased with densities of 38,000 sph (high), 160,000 sph (moderate), and 
250,000 sph (low). Thus, the use of our natural regeneration density data in the control plots 
was substantiated. High spatial variability may also have been misinterpreted as temporal 
variability in making comparisons between control plot and transect data. Recruitment rates 
of natural seedlings may vary due to temporal availability of seed and the condition of 
seedbeds (Johnson et al. 2003). Variability in regeneration density between burned stands 
has been found to be strongly correlated to the percent pre-fire cone serotiny: greatest 
densities were observed where serotiny is highest (Schoennagel et al. 2003). This illustrates 
the increased strength of research that incorporates pre-fire stand information. However, our 
study was still quite effective in drawing out limitations to germination, survival, and 
recruitment in the absence of such information. 
By using initial seedling counts from the control plots as benchmarks, higher survival rates 
of naturals on wet sites matched results observed in seeded plots. That is, as fire severity 
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decreased, the density of natural seedlings increased. Shading by coarse woody debris (not 
removed from control plots) may have improved micro-site conditions enhancing survival. 
Beyond this, comparisons between naturals and seeded plots became difficult because the 
benchmarked naturals germinated following the fire and one year before our experiment 
was established. As a result, naturals observed in year 1 may have had more developed 
roots and foliage than the seeded seedlings. Given this advantage, it was surprising that 
survival rates for natural regeneration on wet control plots were 20% lower than rates 
observed in wet seeded plots on undisturbed seedbeds. The effects of fire, immediately 
following the disturbance, potentially contributed to increased mortality rate since seed in 
seeded plots was not exposed to the fire. 
4.2.6 Under Planted Seedlings 
The root and foliage systems of under planted seedlings (1 year old) were better developed 
than those in germinants to take full advantage of site resources. Thus, seedling responses to 
MPB and/or wildfire acted as indicators for site limitations. Survival rates of planted 
seedlings indicated that growth limitations were higher in burned stands than in unburned 
stands. Given that moisture was prevalent on sites in year 1 following MPB, wildfire, and 
higher seasonal precipitation, it was surprising that survival rates on dry, burned sites were 
so poor. Considering that seedlings were under planted at a representative density of 90,000 
sph (at 50 cm spacing), survival rates are higher than the results suggest. However, five to 
six years following planting at similar densities, Varmola et al. (2000) found that lodgepole 
pine seedlings experienced almost complete mortality due to water-logging of soils 
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following fire. Operational spacing varies in the SBSdk but 1600 sph is often used to 
achieve a free-growing lodgepole pine stand. 
There was no significant difference between survival rates on dry sites with different fire 
severities. This demonstrates that the underlying limitation of site moisture on such sites has 
the greatest influence on seedling survival. Significant differences were noted between dry 
burned and unburned sites in the first and second year. Survival rates on dry sites 
marginally decreased from the end of the first and second growing seasons and were likely 
attributed to drought in the second summer. With the exception of a MPB-killed overstorey, 
unburned crowns remained mostly intact as dead needles slowly fell off, thus increasing 
available light in the understorey. This provided adequate and improving growing 
conditions for under planted seedlings. From the end of the first growing season to the 
following spring, the greatest over-winter mortality occurred on dry, undisturbed sites. We 
cannot determine the exact cause of mortality but according to local residents, the snow-
pack in 2005/06 was less than normal and aboveground frost may have been a factor. Dry 
burned sites had lower survival rates as compared to wet sites. 
In wet burned and unburned sites, higher survival rates demonstrated the capacity of wet 
sites to buffer detrimental effects of wildfire (as experienced on dry sites). Survival rates in 
year 1 showed no definitive trend between fire severity classes. There was also no 
significant difference between burned and unburned stands. In year two, survival rates on 
wet sites decreased from year 1. There continued to be no significant differences in survival 
between fire severity classes in year 2. Under low fire severity and in unburned stands 
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however, survival was more variable likely due to competition with vegetation. On sites 
where fire behaviour was not severe enough to completely eliminate vegetation, its presence 
attracted browsing animals. On wet sites, second season mortality was due to browsing by 
hare and trampling by moose, deer, and cattle (evidenced by tracks and faeces surrounding 
browsed seedlings). In an unburned age-class three (40-60 years old) green-attacked stand, 
hare browse was visible on all seedlings. Low light levels in this stand (19.5%) further 
contributed to seedling mortality. The evidence of leader damage indicated where browse 
was most abundant on seedlings on burned sites. 
5 Implications for Management 
5.1 Synopsis 
In this thesis, we were able to document that: 
1. site conditions following MPB and wildfire limited germination, survival, and 
recruitment rates; 
2. the extent of vegetation establishment was dependent upon fire severity and wetter sites 
provided more favourable conditions for plant re-establishment than dry sites; 
3. the density of natural regeneration was highest in stands which experienced less severe 
fire severity effects; 
4. a spring pulse of germination occurred in both years in seeded plots and germination 
continued throughout both growing seasons on all sites; 
5. micro-site at the germinant level is important for early establishment of lodgepole pine; 
6. there was no difference in early survival rates of wild and improved Class-A seed; 
7. using ordered logistic regression to estimate the probability of survival, the model found 
that the odds of wild seeds surviving were slightly lower, and 
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8. survival rates of planted seedlings indicated that growth limitations were higher in 
burned stands than in unburned stands. 
5.2 Reforestation 
Germination and survival rates from our study support findings from other trials, which 
found that low germination, survival, and recruitment rates of seed may limit certainty 
surrounding reforestation by way of direct seeding. Direct seeding has drawbacks, some of 
which were observed in this study: germination, survival and recruitment cannot be 
predicted due to seed predation; germinants are vulnerable to moisture stress and 
competition with grasses; and direct seeding is relatively expensive due to a limited seed 
supply (Lieffers et al. 2003). Others however have found that compared to planted 
seedlings, direct seeding lodgepole pine is one-third to one-half the cost and may be an 
option for re-establishing MPB-killed stands (Thompson 2005). Seeding did allow us to test 
for limitations to regeneration in our trial. 
On unproductive sites (i.e., site index 12 and lower), succession should be allowed to take 
its course, focusing reforestation activities where the most gains in productivity can be 
made. Since less than 20% of the fire area was low productivity and was often adjacent to 
stands of lesser severity including unburned wet areas, dispersed deciduous species, such as 
aspen and willow, may mix with pine and spruce. Given the impact of the beetle epidemic 
on lodgepole pine forests, mixed stands may act to limit future susceptibility to MPB and 
other climate-driven events. Where salvage logging is not feasible or economical, and the 
resilience of the stand is undermined, our findings support those of Burton (2006): under 
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planting appropriate densities of seedlings in conjunction with advanced regeneration may 
augment sites where natural regeneration is limited (i.e., dry sites). To improve long-term 
timber supply, the Forests for Tomorrow (FFT) initiative of the Ministry of Forests & 
Range aims to re-establish forests, under planting those consumed by wildfire and MPB 
(MOFR 2005). The BC Provincial government announced that full-scale under planting 
activities are being implemented in 2007. However, FFT regeneration surveys, conducted in 
the Kenny Dam fire area to determine advanced regeneration densities, matched our 
findings (natural ingress) that support the decision not to under plant this fire (Gord Dow, 
Regional Silviculture Specialist, pers. comm.). Rather, future thinning decisions may have 
to be considered where seedling densities are high. In younger (40-60 years old), unburned 
stands killed by MPB, care must taken in determining local hare and animal populations 
before under planting. Doyle (2006) confirmed that browse by hare can result in losses and 
reductions in growth. 
5.3 Salvage Logging 
As demonstrated, compounding disturbances may be detrimental to the productivity of dry 
sites, especially where wildfire following MPB has impacted forest soils. Post-fire 
conditions following MPB have significant implications for the successful salvage and 
utilization of this resource. Further disturbing the soil may encourage non-native vegetation 
and reduce species richness (Greenberg et al. 1994; Sexton 1994). On wet and dry sites 
within the fire area, surface water was intermittingly present during sampling due to soil 
hydrophobicity and elevated water tables. Decreased transpiration by dead trees and 
decreased interception by a thinning canopy contributes to high water tables, a response 
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resulting in a loss of summer harvesting opportunities (Koch 1996; Rex and Dube 2006; 
Winkler et al. 2007). Even on unburned wet and dry sites surrounding the fire area, surface 
water pooling was detected. Detrimental effects of salvage logging attributed to the site 
include significant understorey conifer seedling mortality (Donato et al. 2006) and further 
reduction in hydrologic function with soil disturbance (Mclver and Starr 2001). Winter 
logging would minimize such effects. From a supply-chain perspective and given recent 
uplifts of the allowable annual cut, it is unfeasible to capture all MPB-impacted forests (Eng 
2004; Pousette 2006; Lewis and Hartley 2006). The best strategy may be to focus on 
salvaging unburned stands, minimizing human disturbance in an already disturbed 
landscape. This strategy also maximizes revenue to the Crown (Barry Dobbin, Acting 
Revenue Manager, pers. comm.). Planting mixed coniferous species post-harvest would 
minimize future susceptibility to forest health issues that impact the entire stand. 
5.4 Fire Hazard 
In the case of endemic MPB populations, individual trees or patches succumb to attack, but 
in the current MPB epidemic, whole forests of standing dead lodgepole pine exist. Such 
dead forests increase fire hazard as they break apart (Hawkes et al. 2003). Normally, an 
unmanaged landscape in the SBSdk has a fire return interval on average of 125 years 
(Parminter 1992; Hawkes et al. 1997). Hawkes et al. (2003) found that conditions in MPB-
killed forests influence fire behaviour because of inherent changes to fuel characteristics. 
Alterations in fuel arrangement and distribution have been found to increase the likelihood 
and severity of wildfire on the landscape (McCullough et al. 1998). Coarse woody debris 
recruitment from dead lodgepole pine stands would be expected to occur at rates greater 
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than if stands had not been attacked by MPB. In turn, these conditions may have impacts on 
resulting regeneration processes. 
6 Conclusion 
In conclusion, this thesis showed that the regeneration of lodgepole pine by seed is strongly 
linked to inherent site moisture and the extent of fire severity (including unburned 
conditions). In wet habitats, germinants were plentiful under all fire severities. The presence 
of natural regeneration in all fire severity classes demonstrates that wildfire immediately 
following MPB does not preclude regeneration, but specific site conditions may be limiting. 
Such limitations are most evident on dry sites and undisturbed seedbeds. Our trial showed 
that seed provenance had little influence on germination and early survival rates. In 
extensively killed MPB forests, disturbance severity may be compounded by subsequent 
wildfire, especially on dry sites. 
On dry sites in unburned MPB-killed stands, few natural seedlings existed and a cemented, 
dry organic layer further hindered seed germination. Under high and moderate fire 
severities, regeneration may be limited where seed sources (crown and soil seed banks) are 
completely consumed but in this trial, this only occurred on very dry sites. Reduced 
regeneration densities may lead to a conversion of forest structure where pure pine stands 
are converted to deciduous-leading stands as the canopy opens up following fire (needle 
drop and/or wind-throw). This conversion may enhance resilience to forest health agents 
and provide future harvesting opportunities. Further disturbing dry burned stands during 
salvage operations may exceed the resilience of a stand to support a productive forest. Since 
the driest sites were also the lowest in productivity, the impact of these stands on the timber 
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supply is minimal. Not further jeopardizing the soil integrity of these sites by salvage 
logging them should be a priority. Therefore, such sites should be left to develop naturally 
with minimal intervention. The harvesting, restocking or thinning focus should instead be 
concentrated on wet, productive sites where the impact of MPB followed by wildfire was 
less severe as demonstrated by higher germination, survival, and recruitment rates. Under 
conditions of low fire severity where grasses are dominant, natural regeneration may 
establish at lower densities than expected. Otherwise, pioneering vegetation provided a 
protective micro-site that enhanced regeneration. Observations of natural seedlings and 
planted seedlings supported observations of natural regeneration in control plots. Survival 
of under planted seedlings was less influenced by fire severity and positively affected by 
wetter sites. Under planting may be a viable alternative in unburned stands if browse 
species populations are contained and damage minimized. 
69 
7 Bibliography 
Alexander, M.E. 1982. Calculating and interpreting forest fire intensities. Can. J. Bot. 60: 
349-357. 
Amman, G.D. 1977. The role of mountain pine beetle in lodgepole pine ecosystems: impact 
on succession, pp. 3-18. In W. J. Mattson [ed.], The role of arthropods in forest 
ecosystems. Springer-Verlag, New York. 
Amman, G.D., McGregor, M.D., Cahill, D.B. and W.H. Klein. 1977. Guidelines for 
reducing losses of lodgepole pine to the mountain pine beetle in unmanaged stands in 
the Rocky Mountains. Gen. Tech. Rep. INT-36. Ogden, UT: U.S. Department of 
Agriculture, Forest Service, Intermountain Forest and Range Experiment Station. 19 
pp. 
Amman, G.D. and L. Safranyik. 1984. Insects of lodgepole pine: impacts and control, pp. 
107-124. In D.M. Baumgartner, R.G. Krebill, J.T. Arnott and G.F. Weetman [eds.], 
Lodgepole pine: the species and its management, Washington State University, 
Spokane, WA. 
Bergerud, W.A. 1996. Introduction to Regression Models: with worked forestry examples. 
Biom. Info. Hand. 7. Res. Br., B.C. Min. For., Victoria, B.C. Working Paper 26. 
Bertolette, D. and D. Spotskey. 2001. Remotely sensed burn severity mapping, pp. 8. In D. 
Harmon [ed.], Crossing Boundaries in Park Management: Proceedings of the 11th 
Conference on Research and Resource Management in Parks and on Public Lands. 
The George Wright Society, Hancock, Michigan. 
Beals, M. , Gross, L. and S. Harrell. 2000. Diversity indices: Shannon's H and E. URL: 
http://www.tiem.utk.edu/~gross/bioed/bealsmodules/shannonDI.html. 
Black, T.A., Novak, R.L., Fleming, R.S., Adams, R.S. andN. Eldridge. 1988. Site 
preparation procedures to minimize seedling water and temperature stress in backlog 
areas of the southern Interior. 1987-88 FRDA Annual Report. Ministry of Forests, 
Victoria. 
Blevins, D.P., C.E. Prescott, H.L. Allen, and T.A. Newsome. 2005. The effects of nutrition 
and density on growth, foliage biomass, and growth efficiency of high-density, fire-
origin lodgepole pine in central British Columbia. Can J. For. Res. 35: 2851-2859. 
Brown, J. K. 1975. Fire cycles and community dynamics in lodgepole pine forests. In D. M. 
Baumgartner, [ed.], Management of lodgepole pine ecosystems. Washington State 
University Press, Corvallis, Oregon, USA. pp. 429-456. 
Brulisauer, A.R., Bradfield, G.E. and J. Maze. 1996. Quantifying organizational change 
after fire in lodgepole pine forest understorey. Can. J. Bot. 74: 1773-1782. 
70 
Burton, P.J. 2006. Restoration of forests attacked by mountain pine beetle: Misnomer, 
misdirected, or must-do? BC J.E.M. 7(2):1—10. URL: http://www.forrex.org/ 
publications/j em/IS S3 5/vol7_no2_art 1 .pdf. 
Chanasyk, D.S., Whitson, I.R., Mapfumo, E., Burke, J.M. and E.E. Prepas. 2003. The 
impacts of forest harvest and wildfire on soils and hydrology in temperate forests: a 
baseline to develop hypotheses for the Boreal Plain. J. Environ. Eng. Sci. 2: S51-S62. 
Charron, I. and D.F. Greene. 2002. Post-wildfire seedbeds and tree establishment in the 
southern mixedwood boreal forest. Can. J. For. Res. 32: 1607-1615. 
Clark, M.B. and A. McLean. 1975. Growth of lodgepole pine seedlings in competition with 
different densities of grass. BC Forest service Research Note No. 70. Victoria. 10 pp. 
Clements, F.E. 1910. The life history of lodgepole burn forests. USDA Forests Service 
Bulletin 79. 
Coates, K.D. 2000. Conifer seedling response to northern temperate canopy gaps. For. Ecol. 
Manag. 127: 249-269. 
Coates, K.D. and E.C. Hall. 2005. Implications of alternate silvicultural strategies in 
mountain pine beetle damaged stands. Technical Report for Forest Science Program 
Project Y051161. Bulkley Valley Centre for Natural Resources Research and 
Management, Smithers, BC. 31 p. 
DeBano, L.F. 2000. The role of fire and soil heating on water repellency in wildland 
environments: a review. J. Hydrology 231/232: 195-206. 
de Groot, W.J., Bothwell, P.M., Taylor, S.W. Wotton, B.M., Stocks, B.J. and M.E. 
Alexander. 2004. Jack pine regeneration and crown fires. Can. J. For. Res. 34: 1634-
1641. 
DeLong, C. and W.B. Kessler. 2000. Ecological characteristics of mature forest remnants 
left by wildfire. Forest Ecol. Manag. 131: 193-206. 
Doerr, S.H., Shakesbury, R.A. and R.P.D. Walsh. 2000. Soil water repellency in wildland 
environments: its causes, characteristics and hydro-geomorphological significance. 
Earth Sci. Review 51: 33-65. 
Donato, D.C., Fontaine, J.B., Campbell, J.L., Robinson, W.D., Kauffman, J.B. and B.E. 
Law. 2006. Post-wildfire logging hinders regeneration and increases fire risk. Science 
311:352. 
Doyle, F. 2006. Snowshoe hare browsing impacts on seedling trees planted in Dothistroma 
attacked stands: is the impact on browsing reduced by overstory removal? Interim 
Report, Ministry of Forests and Range, Terrace, BC, 11pp. 
71 
Ebata, T. 2004. Current status of mountain pine beetle in British Columbia. Pages 52-56 in 
T.L. Shore, J.E. Brooks, and J.E. Stone (editors). Mountain Pine Beetle Symposium: 
Challenges and Solutions. October 30-31, 2003, Kelowna, British Columbia. Natural 
Resources Canada, Canadian Forest Service, Pacific Forestry Centre, Information 
Report BC-X-399, Victoria, BC. 298 p. 
Eng, M. 2004. Forest stewardship in the context of large-scale salvage operations: An 
interpretation paper. B.C. Min. of For., Res. Br., Victoria B.C., Tech. Rep. 019. 
Feller, M.C. 1982. The ecological effects of slash burning with particular reference to 
British Columbia: A literature review. B.C. Ministry of Forests. Victoria. 
Fleming, R.L., Black, T.A. and R.S. Adams. 1996. Site preparation effects on Douglas-fir 
and lodgepole pine water relations following planting in a pinegrass-dominated 
clearcut. Forest Ecol. Manag. 83: 47-60. 
Forests Genetics Council of British Columbia. 2005. Tree improvement in British 
Columbia. URL: http://www.fgcouncil.bc.ca/brochure-tree-improve-05.pdf. 
Forests Genetics Council of British Columbia. 2007. FGC About. URL: 
http://www.fgcouncil.bc.ca/abo.html. 
Fuchs, M. 1999. The ecological role of the mountain pine beetle (Dendroctonus 
ponderosae): a description of research from the literature. Foxtree Ecological 
Consulting for British Columbia Parks Service, Victoria, BC. 
Gara, R.I., Littke, W.R., Agee, J.K., Geiszler, D.R., Stuart, J.D. and C.H. Driver. 1984. 
Influences of fires, fungi and mountain pine beetles on development of a lodgepole 
pine forest in south-central Oregon. In D.M. Baumgartner, R.G. Krebill, J.T. Arnott 
and G.F. Weetman [eds.], Lodgepole pine: the species and its management, 
Washington State University, Spokane, WA. 
Garman, E.H. and A.L. Orr-Ewing. 1949. Direct seeding experiments in the southern 
coastal region of British Columbia. Department of Lands and Forests. B.C. Forest 
Service, Victoria. 
Geiszler, D.R., Gara, R.I., Driver, D.H., Gallucci, V.F., and R.E. Martin. 1980. Fire, fungi, 
and beetle influences on a lodgepole pine ecosystem of south-central Oregon. 
Oecologia 46: 239-243. 
Greenberg, C.H., Neary, D.G., Harris, L.D. and S.P. Linda. 1994. Vegetation recovery 
following high-intensity wildfire and silvicultural treatments in sand pine scrub. The 
American Midland Naturalist 133(1): 149-163. 
72 
Gross, L.J., Mullin, B.C. and S.E. Riechert. 2000. Alternative routes to quantitative literacy 
for the life sciences. URL: http://www.tiem.utk.edu/~gross/bioed/ 
bealsmodules/shannonDI.html and -/simpsonDI.html. 
Hall, W.L., Zuuring, H.R., Hardy, C.C. and R.H. Wakimoto. 2003. Applying logistic 
regression to determine regeneration risk to stand replacement fire on the Kootenai 
National Forest, Montana. Western Journal of Applied Forestry 18: 155-162. 
Hartford, D.G. and W.H. Frandsen. 1992. When it's hot, it's hot...or maybe it's not! Surface 
flaming may not portend extensive soil heating. Int. J. Wildland Fire 2:139-144. 
Hawkes, B.C., Vasbinder, W., Opio, C. and Cong. 1997. Retrospective fire study, interim 
report, fire in the SBS & ESSF biogeoclimatic zones of British Columbia - a literature 
review. URL: http://mcgregor.bc.ca/publications/Retrospective 
FireStudy(LiteraryReview).pdf. 
Hawkes, B.C., Taylor, S.W., Stockdale, C , Shore, T.L., Alfaro, R.I., Campbell, R.A. and P. 
Vera. 2003. Impact of mountain pine beetle on stand dynamics in British Columbia. 
In T.L. Shore, J.E. Brooks and J.E. Stone [eds.], Mountain Pine Beetle Symposium: 
Challenges and Solutions. Victoria, British Columbia. Kelowna, British Columbia, 
Canada. Natural Resources Canada, Canadian Forest Service, Pacific Forestry Centre, 
177-199. 
Heineman, J. 1998. Forest floor planting: a discussion of issues as they relate to various 
site-limiting factors . British Columbia Ministry of Forests, Victoria, BC. Silviculture 
Note 16. 
Hugues, J. and R. Drever. 2001. Salvaging Solutions - Science-based management of BC's 
pine beetle outbreak, pp. 39. David Suzuki Foundation, Forest Watch of British 
Columbia Society, Canadian Parks and Wilderness Society, Vancouver, BC. 
Jayen, K., Leduc, A. and Y. Bergeron. 2006. Effect of fire severity on regeneration success 
in the boreal forest of northwest Quebec, Canada. Ecoscience 13:143-151. 
Johnson, E.A. and G.I. Fryer. 1992. Physical characterization of seed microsites -
movement on the ground. J. Ecology 80: 823-836. 
Johnson, E.A., Morin, H., Miyanishi, K., Gagnon, R. and D.F. Greene. 2003. A process 
approach to understanding disturbance and forest dynamics for sustainable forestry. 
In: Burton, P.J., Messier, C , Smith, D.W. and W.L. Adamowicz (eds). Towards 
Sustainable Management of the Boreal Forest. NRC Research Press, Ottawa, Ontario, 
Canada 1039 p. 
Johnstone, J.F., Chapin III, F.S., Foote, J., Kemmett, S., Price, K. and L. Viereck. 2004. 
Decadal observations of tree regeneration following fire in boreal forests. Can. J. For. 
Res. 34: 267-273. 
73 
Kafka, V., Gauthier, S., and Y. Bergeron. 2001. Fire impacts and crowning in the boreal 
forest: study of a large wildfire in western Quebec. International Journal of Wildland 
Fire 10: 119-127. 
Keeley, J.E. and C.J. Fotheringham. 2000. Role of fire in regeneration from seed. Seeds: the 
ecology of regeneration in plant communities, 2nd edition. Los Angeles, California, 
USA. CAB International, pp. 311-331. 
Kelley, S.T., Farrell, B.D., and J.B. Mitton. 2000. Effects of specialization on genetic 
differentiation in sister species of bark beetles. Heredity 84: 218-227. 
Koch, P. 1996. Lodgepole Pine in North America. Forest Products Society, Madison, WI. 
Kolotelo, D. 2004. Seed from dead lodgepole pine trees, pp. 10-11. BC Ministry of Forests, 
Tree Seed Working Group, Victoria, BC. 
Kulakowski, D., Veblen, T.T. and P. Bebi. 2003. Effects of fire and spruce beetle outbreak 
legacies on the disturbance regime of a subalpine forest in Colorado. J. Biogeography 
30: 1445-1456. 
Lehmann, E.L. 1975. Nonparametric statistical methods based on ranks. New York: 
McGraw-Hill. 480 pp. 
LeMay, V., T. Lee, R.E. Scott, D. Sattler, D. Robinson, A-A. Zumrawi, and P. Marshall. 
2006. Modeling Natural Regeneration Following Mountain Pine Beetle Attacks in the 
Southern and Central Interior of British Columbia: Results for Year 1. Internal report 
for Natural Resources Canada, MPB Standard Contribution Agreement, PO # 8.35. 70 
pp. www.forestry.ubc.ca/biometrics accessed March, 2007. URL: 
http://www.forestry.ubc.ca/prognosis/documents/MPB8%2035_LeMay_research_rep 
ort_may_2006_web_site.pdf. 
Lewis, K.J. and I.D. Hartley. 2006. Rate of deterioration, degrade, and fall of trees killed by 
mountain pine beetle. BC J.E.M. 7(2): 11-19. URL: http://www.forrex.org/ 
publications/jem/ISS35/vol7_no2_art2.pdf. 
Lieffers, V.J., Macdonald, S.E. and E.H. Hogg. 1993. Ecology and control strategies for 
Calamagrostis canadensis in boreal forest sites. Can. J. For. Res. 23: 2070-2077. 
Lieffers, V.J., Messier, C, Burton, P.J., Ruel, J.-C. and B.E. Grover. 2003. Nature-based 
silviculture for sustaining a variety of boreal forest values. In: Burton, P.J., Messier, 
C, Smith, D.W. and W.L. Adamowicz (eds). Towards Sustainable Management of 
the Boreal Forest. NRC Research Press, Ottawa, Ontario, Canada 1039 p. 
Lotan, J.E. and D.A. Perry. 1983. Ecology and regeneration of lodgepole pine. U.S. Dept. 
Agric. Handbook 606. Washington, DC. 51 pp. 
74 
McCullough, D.G., Werner, R.A. and D. Neumann. 1998. Fire and insects in northern and 
boreal forest ecosystems of North America. Annu. Rev. Entomol. 43: 107-127. 
Mclver, J.D. and L. Starr. 2001. A literature review on the environmental effects of postfire 
logging. West. J. Appl. For. 16: 159-168. 
Ministry of Forests. 1995. Seed and vegetative material guidebook. 
URL: http://www.for.gov.bc.ca/tasb/legsregs/fpc/fpcguide/veg/seed.htm#def. 
Ministry of Forests and Range. 2005. Forests for Tomorrow Program Management Plan For 
Planning, Reforestation and Brushing Focused in Catastrophic Event-Impacted 
Management Units. URL: http://www.for.gov.bc.ca/hfp/fft/ FFT%20Program% 
20Management%20Plan.pdf. 
Mitchell, K.J. and J.W. Goudie. 1980. Stagnant lodgepole pine. Progress Report E.P.850.02, 
British Columbia Ministry of Forests, Victoria, British Columbia. March 31, 1980, 31 
pp. 
Nathan, R. and H.C. Muller-Landau. 2000. Spatial patterns of seed dispersal, their 
determinants and consequences for recruitment. Trends in Ecology and Evolution, 15 
278-285. 
Oliver, CD. and B.C. Larson. 1996. Forest stand dynamics. Wiley, New York. 683pp. 
Oswald, E. T. and B.N. Brown. 1990. Vegetation establishment during 5 years following 
wildfire in northern British Columbia and southern Yukon Territory, Forestry Canada, 
Pacific Forestry Centre, Victoria, BC. Information Report BC-X-320. 52 p. 
Parminter, J. 1992. Typical historic patterns of wildfire disturbance by biogeoclimatic zone. 
In: Old-growth forests: problem analysis. Research Branch, Ministry of Forests, 
Victoria, British Columbia. December 1990, 104 pp. 
PCI Geomatics. 2005. Geomatica image centric software version 9. Richmond Hill, ON. 
Pedersen, L. 2004. Expedited timber supply review for the Lakes, Prince George and 
Quesnel timber supply areas, pp. 33. BC Ministry of Forests Public Discussion Paper. 
Penty, R., Tanz, J.S. and M.J. Hadley. 2005. Benefits of using selected reforestation 
materials, pp. 20. Forest Genetics Council of British Columbia, Victoria, BC. 
Pojar, J. 1992. Plants of Northern British Columbia. MacKinnon, A., Pojar, J. and R. Coupe 
[eds.]. B.C. Ministry of Forests and Lone Pine Publishing, Canada. 
Poole, R.W. 1974. An introduction to quantitative ecology. Ehrlich, P.R. and R.W. Holm 
[eds]. New York, McGraw-Hill Inc., 532 pp. 
75 
Pousette, J.G. 2006. MPB induced AAC uplifts: Report card for the Prince George Timber 
Supply Area. J. Ecosystem Management (submitted). 
Rex, J. and S. Dube. 2006. Predicting the risk of wet ground areas in the Vanderhoof Forest 
District: project description and progress report. BC J.E.M. 7(2): 57-71. URL: 
http ://www. forrex.org/publications/ j em/IS S3 5/vol7_no2_art7 .pdf. 
Ryan, K.C. andN.V. Noste. 1985. Evaluating prescribed fires. In J.E. Lotan, B.M. Kilgore, 
W.C. Fischer and R.W. Much [tech. coord.], Proceedings - Symposium and workshop 
on wilderness fire, Missoula, Montana, 15-18 November 1983. USDA For. Serv. 
Intermt. Res. Stn. Gen. Tech. Rep. INT-GTR-182: 230-238. 
Safranyik, L., D. M. Shrimpton and H.S. Whitney. 1974. Management of lodgepole pine to 
reduce losses from the mountain pine beetle. Environ. Canada, Can. For. Serv., Pac. 
For. Res. Centre. For. Tech. Rep. 1, 24pp. 
Schoennagel, T., Turner, M.G. and W.H. Romme. 2003. The influence of fire interval and 
serotiny on postfire lodgepole pine density in Yellowstone National Park. Ecology 84: 
2967-2978. 
Scholefield, S.R., Burrows, J. and F. Berekoff. 2006. Extent of MPB attack in age class 2 
lodgepole pine stands in the Prince George Forest District. Ministry of Forests and 
Range. Unpublished Report. 15 pp. 
Schupp, E.W. 1995. Seed-seedling conflicts, habitat choice, and patterns of plant 
recruitment. Amer. J. Bot. 82: 399-409. 
Sexton, T.O. 1994. Ecological effects of post-wildfire salvage-logging on vegetation 
diversity, biomass, and growth and survival of Pinus ponderosa and Purshia 
tridentata. Corvallis, OR. Oregon State University, Department of Rangeland 
Resources. 28 p. Unpublished manuscript. 
Spittlehouse, D.L. and R.J. Stathers. 1990. Seedling Microclimate, pp. 35. BC Ministry of 
Forests, Land management report, no. 65. 
Stadt, J. 2001. The ecological role of beetle-killed trees: a review of salvage impacts., pp. 
12. British Columbia Ministry of Water, Land and Air Protection, Habitat Protection, 
Skeena Region, Burns Lake, BC. 
StataCorp. 2005. Stata Statistical Software: Release 9. College Station, TX. 
Stockdale, C, Taylor, S.W. and Hawkes, B.C. 2003. Incorporating mountain pine beetle 
impacts on stand dynamics in stand and landscape models: a problem analysis, pp. 
200-209. In T.L. Shore and J.E. Stone, [eds.], Mountain Pine Beetle Symposium: 
Challenges and Solutions, October 30-31, 2003. Natural Resources Canada, Canadian 
76 
Forest Service, Pacific Forestry Centre, Victoria, British Columbia, Kelowna, British 
Columbia, Canada. 
Stone, W.E. and M.L. Wolfe. 1996. Response of understory vegetation to variable tree 
mortality following a mountain pine beetle epidemic in lodgepole pine stands in 
northern Utah. Vegetation 122: 1-12. 
Taylor, S.W. and A.L. Carroll. 2004. Disturbance, forest age, and mountain pine beetle 
outbreak dynamics in BC: A historical perspective. In T.L. Shore, J.E. Brooks, and 
J.E. Stone [eds.], Mountain Pine Beetle Symposium: Challenges and Solutions. 
October 30-31, 2003, Kelowna, British Columbia. Natural Resources Canada, 
Canadian Forest Service, Pacific Forestry Centre, Information Report BC-X-399, 
Victoria, BC.pp 41-51. 
Taylor, S.W., Carroll, A.L., Alfaro, R.I. and L. Safranyik. 2006. Forest, climate and 
mountain pine beetle outbreak dynamics in western Canada. In L. Safranyik and B. 
Willson [eds.], The mountain pine beetle: A synthesis of biology, management, and 
impacts on lodgepole pine. Natural Resources Canada, Canadian Forest Service, 
Pacific Forestry Centre, Victoria, B.C. pp. 67-94. 
Thompson, A. 2005. Direct seeding: an option for British Columbia's north. Linking 
Innovations & Networking Knowledge (LINK), http://www.forrex.org/publications/ 
Hnk/ISS32/vol7_nol_art21 .pdf. 
Turner, M.G., Baker, W.L., Peterson, C.J. and R.K. Peet. 1998. Factors influencing 
succession: lessons from large, infrequent natural disturbances. Ecosystems 1: 511-
523. 
Turner, M.G., Hargrove, W.W., Gardner, R.H. and W.H. Romme. 1994. Effects of fire on 
landscape heterogeneity in Yellowstone National Park, Wyoming. Journal of 
Vegetation Science 5: 731-742. 
Turner, M.G., Romme, W.H., Gardner, R.H. and W.W. Hargrove. 1997. Effects of fire size 
and pattern on early succession in Yellowstone National Park. Ecological 
Monographs 67: 411-433. 
Turner, M.G., Romme, W.H. and R.H. Gardner. 1999. Prefire heterogeneity, fire severity, 
and early postfire plant reestablishment in subalpine forests of Yellowstone National 
Park, Wyoming. International Journal of Wildland Fire 9: 21-36. 
Turner, M.G., Romme, W.H. and D.B. Tinker. 2003. Surprises and lessons from the 1988 
Yellowstone fires. Frontiers in Ecology and the Environment 1(7): 351-358. 
Varmola, M., Salminen, H., Rikala, R. and M. Kerklea. 2000. Survival and early 
development of lodgepole pine. Scandinavian Journal of Forest Research 15: 410-423. 
77 
Wagner R.G., Mohammed, G.H. and T.L. Noland. 1999. Critical period of interspecific 
competition for northern conifers associated with herbaceous vegetation. Can. J. For. 
Res. 29: 890-897. 
Wang, G.G. and K.J. Kemball. 2005. Effects of fire severity on early development of 
understory vegetation. Can. J. For. Res. 35: 254-262. 
Waring, R.H. and G.B. Pitman. 1985. Modifying lodgepole pine stands to change 
susceptibility to mountain pine beetle attack. Ecology 66: 889-897. 
Wei, X., Kimmins, J.P., Peel, K. and O. Steen. 1997. Mass and nutrients in woody debris in 
harvested and wildfire-killed lodgepole pine forests in the central interior of British 
Columbia. Can. J. For. Res. 27: 148-155. 
Whittle, C.A., Duchesne, L.C. and T. Needham. 1997. The importance of buried seed and 
vegetative propagation in the development of post-fire plant communities. Environ. 
Rev. 5: 79-87. 
Winkler, R., Maloney, D., Teti, P. and J. Rex. 2007. Hydrology, maps, and geographic data 
for watersheds affected by mountain pine beetle in the interior of British Columbia. 
URL: http://www.for.gov.bc.ca/hfp/mountain_pine_beetle/stewardship/ 
hydrology/index.htm. 
Wright, E.F., Coates, K.D., Canham, CD., and P. Bartemucci. 1998. Species variability in 
growth response to light across climatic regions in northwestern British Columbia. 
Can. J. For. Res. 28: 871-886. 
Wright, E.F., Coates, K.D. and P. Bartemucci. 2004. Regeneration from seed of six tree 
species in the interior cedar-hemlock forests of British Columbia as affected by 
substrate and canopy gap position. Can. J. For. Res. 28: 1352-1364. 
78 
Appendix 1 - Mean Percent Cover (Braun-Blanquet Scale) 
Each value represents the mean Braun-Blanquet cover class by disturbance plot (n=9). 
August 2005 
Species 
Achillea millefolium L. 
Apocynum androsaemifolium L. 
Arctostaphylos uva-ursi L. 
Arnica cordifolia Hook. 
Aster conspicuus Lindl. 
Calamagrostis canadensis Michx. 
Cladina arbuscula Wallr. 
Cornus canadensis L. 
Corydalis sempervirens (L.) Pers. 
Diphasiastrum complanatum L. 
Epilobium ciliatum Raf. 
Fragaria virginiana Duchesne 
Galium boreale L. 
Geranium bicknellii Britt. 
Lathyrus ochroleucus Hook. 
Lonicera involucrata Richards. 
Peltigera aphthosa (L.) Willd. 
Pinus contorta Dougl. ex Loud. 
Pleurozium schreberi (Brid.) Mitt. 
Populus tremuloides Michx. 
Pyrola asarifolia Michx. 
Ribes lacustre (Pers.) Poir. 
Rosa acicularis Lindl. 
Rubus idaeus L. 
Shepherdia canadensis (L.) Nutt. 
Solidago canadensis L. 
Spiraea betulifolia Pallas 
Vaccinium ovalifolium Sm. 
Viburnum edule (Michx.) Raf. 
no vegetation 
Dry 
High Mod. 
1.5 1.0 
1.3 1.3 
1.0 
1.5 
1.5 
1.0 2.0 
0.0 0.0 
Sites 
Low 
1.0 
1.3 
1.6 
2.2 
1.0 
2.0 
2.0 
2.0 
1.6 
2.0 
2.0 
1.0 
2.0 
Unburn. 
1.0 
2.7 
1.3 
1.9 
3.0 
1.5 
2.0 
3.0 
1.0 
1.0 
2.0 
3.1 
2.0 
1.0 
1.0 
2.0 
1.0 
High 
1.0 
2.0 
1.4 
1.3 
1.8 
1.0 
3.2 
1.0 
1.0 
2.0 
2.3 
1.5 
2.0 
Wet Sites 
Mod. 
1.5 
1.3 
2.0 
1.0 
3.0 
1.3 
Low 
2.0 
1.0 
2.0 
1.4 
1.7 
2.2 
1.0 
1.5 
1.4 
1.3 
1.0 
1.0 
2.0 
1.0 
2.0 
1.0 
Unburn. 
1.0 
2.0 
2.0 
2.0 
1,4 
2.0 
1.8 
1.0 
4.3 
1.8 
1.8 
1.0 
2.3 
1.9 
2.0 
iBraun-Blanquet Scale:! = <5%, 2 = 5-25%, 3 = 25-50%, 4 = 50-75%, 5- >75% 
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August 2006 
Species 
Achillea millefolium L. 
Alnus crispa spp. sinuata Regel 
Amelanchier alnifolia (Nutt.) Nutt. ex M. 
Anaphalis margaritacea (L.) Benth. 
Apocynum androsaemifolium L. 
Arctostaphylos uva-ursi L. 
Arnica cordifolia Hook. 
Aster conspicuus Lindl. 
Calamagrostis canadensis Michx. 
Cladina arbuscula Wallr. 
Cornus canadensis L. 
Corydalis sempervirens (L.) Pers. 
Crepis tectorum L. 
Diphasiastrum complanatum L. 
Epilobium ciliatum Raf. 
Fragaria virginiana Duchesne 
Galium boreale L. 
Geranium bicknellii Britt. 
Juniperus scopulorum Sarg. 
Lathyrus ochroleucus Hook. 
Linnaea borealis L. 
Peltigera aphthosa (L.) Willd. 
Petasites frigidus (L.) Fries var. 
Pinus contorta Dougl. ex Loud. 
Pleurozium schreberi (Brid.) Mitt. 
Polytrichum spp. Hedw. 
Populus tremuloides Michx. 
Pyrola asarifolia Michx. 
Ranunculus acris L. 
Rosa acicularis Lindl. 
Rubus idaeus L. 
Shepherdia canadensis (L.) Nutt. 
Solidago canadensis L. 
Spiraea betulifolia Pallas 
Taraxacum officinale G.H. Weber ex Wiggers 
Vaccinium membranaceum Dougl. ex Ton. 
Vaccinium ovalifolium Sm. 
Viburnum edule (Michx.) Raf. 
no vegetation 
High 
1.0 
1.0 
1.3 
1.0 
2.0 
0.0 
Dry 
Mod. 
2.0 
1.0 
1.4 
2.0 
1.0 
2.0 
0.0 
Sites 
Low 
1.0 
1.3 
2.2 
2.5 
1.7 
1.5 
1.0 
2.0 
2.0 
1.0 
1.0 
1.8 
1.7 
1.0 
2.0 
1.0 
Unburn. 
1.5 
2.5 
3.3 
1.8 
1.8 
4.0 
2.0 
2.0 
2.0 
2.0 
2.0 
1.7 
1.8 
3.0 
2.0 
2.0 
2.0 
1.5 
1.5 
2.0 
High 
1.0 
2.0 
1.0 
1.7 
2.0 
1.3 
2.0 
2.0 
1.5 
1.0 
2.0 
2.0 
1.0 
2.0 
2.3 
2.0 
2.3 
2.0 
1.0 
Wet Sites 
Mod. 
1.0 
1.9 
1.0 
2.0 
2.3 
1.0 
1.0 
1.0 
2.0 
2.0 
2.0 
2.7 
2.1 
1.0 
2.0 
1.5 
1.5 
Low 
2.0 
1.0 
1.0 
1.8 
2.0 
2.3 
1.7 
2.5 
1.3 
2.0 
2.0 
2.0 
2.0 
1.0 
2.8 
2.0 
2.2 
2.0 
Unburn. 
2.0 
2.0 
2.8 
2.4 
1.3 
2.0 
1.5 
2.2 
2.0 
4.6 
2.0 
2.1 
1.5 
2.5 
2.1 
1.0 
1.8 
1.7 
Braun-Blanquet Scale: 1 = <5%, 2 = 5-25%, 3 = 25-50%, 4 = 50-75%, 5= >75%25-50%, 4 = 50-75%, 5= >75% 
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Appendix 2 - Logistic Regression of Germination 
a) Year 1 Output 
. 
1 
1 
1 
1 
xi3: 
.m 
.f 
. s 
.d 
logistic germination 
_lm_l-2 
_If_l-3 
_l5_l-2 
_id_i-2 
l .m n . f i .s i . d i . m * i . f i f time<=7 (na tu ra l l y coded; _lm_i omitted} 
( na tu ra l l y coded; 
( na tu ra l l y coded; 
_ l f _ l omitted) 
_I5_1 omitted) 
( na tu ra l l y coded; _ l d _ l omitted) 
Log is t i c regression 
Log l i ke l i hood = -11352.311 
Number of obs 
LR chi2(7) 
Prob > chi2 
Pseudo R2 
= 
= 
= 
= 
75600 
1927.22 
O.OOOO 
0.0782 
germination 
_im_2 
_If_2 
_If_3 
_I5_2 
_id_2 
_Im2Xf2 
_Im2Xf3 
odds Ratio 
7.6397 
1.089696 
4.539743 
.8083989 
.4470426 
1.255466 
.2723428 
Std. Err. 
.8654932 
.1597822 
.5336351 
.0311125 
.0182561 
.196007 
.0353028 
1 
17.95 
0.59 
12.87 
-5.53 
-19.71 
1.46 
-10.03 
P>|z| 
0.000 
0.558 
0.000 
0.000 
0.000 
0.145 
0.000 
[9S% conf. 
6.118495 
.8175108 
3.605577 
.7496627 
.4126559 
.9245123 
.2112407 
Interval] 
9.539113 
1.452503 
5.715942 
.871737 
.4842948 
1.704892 
.3511189 
. l i s t c o e f , percent 
l o g i s t i c (N=75600): Percentage Change i n Odds 
odds of : l vs o 
germi nat ion | P>|z| MStdx SDofx 
_lm_2 
_If_2 
_If 3 
_I5_2 
_ld_2 
Im2Xf2 
Im2Xf3 
2.03336 
0.08590 
1.51287 
-0.21270 
-0.80510 
0.22751 
-1.30069 
17.948 
0.586 
12.870 
-5.527 
-19.715 
1.457 
-10.034 
0.000 
0.558 
0.000 
0.000 
0.000 
0.145 
0.000 
664.0 
9.0 
354.0 
-19.2 
-55.3 
25.5 
-72.8 
176.4 
4.1 
104.0 
-10.1 
-33.1 
8.8 
-38.4 
0.5000 
0.4714 
0.4714 
0.5000 
0.5000 
0.3727 
0.3727 
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b) Year 2 Output 
. x i 3 : 
i .m 
i . f 
i .5 
i . d 
1 ogi s t i c g e r m i n a t i o n 
_ l m _ l - 2 
_ I f _ l - 3 
_ l s _ l - 2 
_ I d _ l - 2 
L o g i s t i c r e g r e s s i o n 
Log l i k e l i h o o d = -15301.019 
, f i . s i . d i . m * i . f i f t i m e < = n 
C n a t u r a l l y coded; _ l m _ l o m i t t e d } 
[ n a t u r a l l y coded; _ l f _ l o m i t t e d } 
C n a t u r a l l y coded; _ i s _ i o m i t t e d } 
[ n a t u r a l l y coded; _ I d _ l o m i t t e d } 
Number o f obs = 118800 
LR Chi2C7} = 1863.38 
Prob > ch i2 = o.oooo 
PseudO R2 = 0 .0574 
germi nati on 
_lm_2 
_If_2 
_If_3 
_ls_2 
_Id_2 
_Im2Xf2 
_Im2Xf3 
Odds Ratio 
5.699072 
1.07549 
3.576846 
.8181014 
.5459016 
1.229422 
.3318365 
Std. Err. 
.5146671 
.1237676 
.3366245 
.0279106 
.019269 
.153304 
.0352192 
Z 
19.27 
0.63 
13.54 
-5.88 
-17.15 
1.66 
-10.39 
P>|z| 
0.000 
0.527 
0.000 
0.000 
0.000 
0.098 
0.000 
[9S% conf. 
4.774573 
.8583213 
2.974349 
.7651864 
.5094117 
.962852 
.2695148 
Interval] 
6.802581 
1.347606 
4.301388 
.8746756 
.5850052 
1.569793 
.4085692 
. l i s t c o e f , pe rcen t 
l o g i s t i c CN=ll8800}: Percentage change i n odds 
odds o f : l vs o 
g e r m i n a t i o n | P> | z | % ssstdx SDofX 
_im_2 
_ I f _ 2 
_ I f _ 3 
_IS_2 
_ ld_2 
_IITl2Xf2 
_Im2Xf3 
1.74030 19.271 0.000 
0.07278 0.632 0.527 
1.27448 13.542 0.000 
-O.2 0077 -5.885 O.000 
-0.60532 -17.149 0.000 
0.20654 1.656 0.098 
-1.10311 -10.394 0.000 
469.9 
7.5 
257.7 
-18.2 
-45.4 
22.9 
-66.8 
138.7 
3.5 
82.4 
-9.6 
-26.1 
8.0 
-33.7 
0.5000 
0.4714 
0.4714 
0.5000 
0.5000 
0.3727 
0.3727 
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Appendix 3 - Ordered Logistic Regression of Survival 
a) Year 1 Output 
. x i 3 : o log i t 
i .m 
i . f 
i .5 
i . d 
I t e ra t i on 0: 
I t e ra t i on l : 
I t e ra t i on 2: 
I t e ra t i on 3: 
I t e r a t i o n 4: 
I t e ra t i on E: 
I t e ra t i on e: 
surv_probit i.m i . f i , 
_lm_i-2 
_ l f _ i - 3 
_ l5_ l -2 
_ ld_i -2 
log pseudolikelihood = 
log pseudolikelihood = 
log pseudolikelihood = 
log pseudolikelihood = 
log pseudolikelihood = 
log pseudolikelihood = 
log pseudolikelihood = 
s i.d i.m*i.f if time=7, cluster( sub_num) 
([naturally coded; _lm_i omitted] 
(naturally coded; _lf_i omitted) 
(naturally coded; _ls_l omitted) 
(naturally coded; _ld_l omitted) 
-5729. 
-4732. 
-4577. 
-4557. 
-4556. 
-4556. 
-4556. 
5592 
4673 
7647 
8006 
5702 
5598 
5598 
ordered l o g i t estimates 
Log pseudolikelihood = -4556.5598 
Number of obs 
wald chi2(0) 
Prob > chi2 
Pseudo R2 
10800 
0.2047 
(Std. Err. adjusted for 3 clusters in sub_num) 
surv_probit 
_lm_2 
_If_2 
_If_3 
_IS_2 
_id_2 
_Im2Xf2 
_Im2Xf3 
_CUtl 
_CUt2 
coef. 
2.986751 
-.3709229 
2.004453 
-.2730943 
-1.335637 
.756713 
-1.857253 
3.113879 
3.17072 
Robust 
std. Err. 
.5432254 
.5263617 
.6434813 
.1083196 
.067183 
.5400603 
.5853956 
.5588121 
.5322007 
z 
5.50 
-0.70 
3.12 
-2.52 
-19.88 
1.40 
-3.17 
P>|z| 
0.000 
0.481 
0.002 
0.012 
0.000 
0.161 
0.002 
(Ancillary 
[9S% conf. 
1.922049 
-1.402573 
.7432525 
-.4853967 
-1.467314 
-.3017857 
-3.004607 
parameters) 
Interval] 
4.051453 
.6607272 
3.265653 
-.0607918 
-1.203961 
1.815212 
-.7098985 
. l i s t coe f , p help 
o log i t (N=iosoo): percentage change in odds 
Odds of: >m vs <=m 
surv_probit 
_lm_2 
_If_2 
_If_3 
_IS_2 
_id_2 
_Im2Xf2 
_Im2Xf3 
b 
2.98675 
-0.37092 
2.00445 
-0.27309 
-1.33564 
0.75671 
-1.85725 
1 
5.498 
-0.705 
3.115 
-2.521 
-19.881 
1.401 
-3.173 
P>|2| 
0.000 
0.481 
0.002 
0.012 
0.000 
0.161 
0.002 
% 
1882.1 
-31.0 
642.2 
-23.9 
-73.7 
113.1 
-84.4 
KStdx 
345.2 
-16.0 
157.3 
-12.8 
-48.7 
32.6 
-50.0 
SDofX 
0.5000 
0.4714 
0.4714 
0.5000 
0.5000 
0.3727 
0.3727 
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b) Year 2 Output 
ordered l o g i t estimates 
Log pseudolikel ihood = -4360.4668 
Cstd. 
Number of obs = 10800 
Wal d chi 2 (1) = 
Prob > chi2 = 
Pseudo R2 = 0.1841 
Err . adjusted for 3 c lusters i n sub_nuirO 
surv_probit 
_lm_2 
_If_2 
_If_3 
_I5_2 
_id_2 
_Im2Xf2 
_Im2Xf3 
_CUtl 
coef. 
2.820301 
-.4379559 
1.737373 
-.2459105 
-.7953415 
.8483557 
-1.595352 
3.200893 
Robust 
Std. Err. 
.5442923 
.5283344 
.8155004 
.1099931 
.0444137 
.5197281 
.7712794 
.5132819 
z 
5.18 
-0.83 
2.13 
-2.24 
-17.91 
1.63 
-2.07 
P>|z| 
0.000 
0.407 
0.033 
0.025 
0.000 
0.103 
0.039 
[9S% conf. 
1.753507 
-1.473472 
.1390212 
-.4614931 
-.8823907 
-.1702927 
-3.107032 
(Ancillary parameter] 
Interval ] 
3.887094 
.5975605 
3.335724 
-.0303279 
-.7082923 
1.867004 
-.0836723 
. l i s t c o e f , p help 
o l o g i t (N=10800): Percentage Change i n Odds 
Odds of : >m vs 
5urv_probi t 
_im_2 
_If_2 
_If_3 
_IS 2 
_id_2 
_Im2Xf2 
_Im2Xf3 
b 
2.82030 
-0.43796 
1.73737 
-0.24591 
-0.79534 
0.84836 
-1.59535 
Z 
5.182 
-0.829 
2.130 
-2.236 
-17.908 
1.632 
-2.068 
P>|Z| 
0.000 
0.407 
0.033 
0.025 
0.000 
0.103 
0.039 
% 
1578.2 
-35.5 
468.2 
-21.8 
-54.9 
133.6 
-79.7 
s<stdx 
309.7 
-18.7 
126.8 
-11.6 
-32.8 
37.2 
-44.8 
SDofX 
0.5000 
0.4714 
0.4714 
0.5000 
0.5000 
0.3727 
0.3728 
b = raw coe f f i c i en t 
z = z-score fo r tes t of b=0 
P>|z| = p-value fo r z - tes t 
% = percent change i n odds fo r un i t increase in X 
MStdX = percent change i n odds fo r SD increase i n x 
SDofX = standard deviat ion of x 
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Appendix 4 - Dataset 
Plot 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
Sub-
plot 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
Moist-
ure 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Fire 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
High 
Mod. 
Mod. 
Mod. 
Mod. 
Mod. 
Mod. 
Mod. 
Mod. 
Mod. 
Mod. 
Mod. 
Mod. 
Seedbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Disturbed 
Undisturbed 
Seedtype 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Improved 
Improved 
Wild 
Wild 
Year 1 
Germ-
ination 
4 
2 
1 
0 
1 
1 
0 
0 
16 
7 
1 
5 
0 
3 
0 
0 
2 
2 
0 
2 
6 
1 
0 
0 
7 
4 
1 
2 
2 
2 
0 
4 
8 
0 
5 
1 
3 
4 
1 
2 
2 
3 
1 
0 
3 
3 
2 
0 
Y e a r l 
Surv-
ival 
2 
2 
0 
0 
0 
1 
0 
0 
11 
4 
1 
4 
0 
2 
0 
0 
0 
0 
0 
2 
3 
0 
0 
0 
1 
3 
0 
0 
0 
0 
0 
0 
4 
0 
2 
0 
1 
1 
0 
0 
0 
1 
0 
0 
0 
2 
1 
0 
Year 2 
Germ-
ination 
0 
2 
0 
1 
0 
1 
0 
1 
6 
6 
0 
1 
2 
2 
1 
1 
4 
2 
0 
4 
1 
0 
0 
0 
1 
1 
0 
1 
1 
2 
4 
1 
3 
1 
5 
2 
1 
8 
0 
0 
0 
1 
0 
0 
1 
2 
0 
2 
Year 2 
Surv-
ival 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Cum. 
Survival 
1 
3 
0 
0 
0 
1 
0 
0 
10 
6 
1 
4 
0 
2 
0 
0 
0 
2 
1 
1 
3 
0 
0 
0 
2 
2 
0 
0 
0 
0 
0 
0 
2 
2 
2 
1 
1 
1 
0 
0 
0 
1 
0 
0 
0 
2 
0 
1 
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